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I .  INTRODUCTION 

F l u t t e r  is a n  a e r o e l a s t i c  dynamic i n s t a b i l i t y  where  b o t h  bend ing  arid 

t o r s i o n a l  components  o f  a wing r e s u l t  i n  complex u n c o n t r o l l e d  mot ion .  P a s -  

s-ire f l u t t e r  s u p p r e s s i o n  c a n  be  accompl ished  by i n c r e a s i n g  s t r u c t u r a l  r i g i d i t y  

w i i c h  r e q u i r e s  a d d i t i o n a l  w e i g h t .  Recent  a d v a n c e s  i n  wing model ing  and  

c o n t r o l  t h e o r y  have  made a c t i v e  f l u t t e r  s u p p r e s s i o n  more a t t r a c t i v e .  A c t i v e  

f l u t t e r  s u p p r e s s i o n  t o  r e d u c e  t h e  a e r o e l a s t i c  r e s p o n s e  of a i r c r a f t  s t r u c t u r e s  

r e s u l t s  i n  s u b s t a n t i a l  w e i g h t  s a v i n g s ,  i n c r e a s e d  a i r c r a f t  m a n e u v e r a b i l i t y ,  

r i d e r  comfor t  and  g u s t  a l l e v i a t i o n .  

T h e  s t a t e - s p a c e  e q u a t i o n s  d e s c r i b i n 2  t h e  f l u t t e r  c o n t r o l  problem r e p r e s e n t  

t h e  f l e x i b l e  s t r u c t u r e ,  unstead!: ae rodyna- i c s  and a c t u a t o r  dynamics ,  and a r e  

u s u a l l y  of h i g h  o r d e r  ( -60  s t a t e s ) .  \.Iodern c o n t r c l  s y n t h e s i s  t e c h n i q u e s  

a p p l i e d  t o  a c t i v e  f l u t t e r  s u p p r e s s i o n ,  s u c h  as  t’n? s t a n d a r d  l i n e a r  q u a d r a t i c  

Gauss i an  (LQG) s o l u t i o n ,  a r e  of t h e  s a r e  h i q h  o r d e r  a s  t h e  p l a n t .  Implementaci im 

r e q u i r e m e n t s  demand t h a t  t h e  f u l l - o r d e r  c m t r o l  law b e  r educed  o r  some how 

3 3 p r o x i n a t e d .  A c t i v e  f l u t t e r  c 2 n t r o l  d e s i g n s  u s i n s  t h e  LQG a p p r o a c h  and  

s a x e  f o r =  of  c o n t r o l  law model z r d s r  r e d u c t i o n  have  been  r e p o r t e d  i n  R e f s .  

1 t o  3. The c o n t r o l  laws i n  Fl2fs.  1 t o  3 a re  a l l  a n a l o g .  

In  t h i s  r e p o r t ,  a n  a l t e r n . 3 t i v e  approach  t o  nodern c o n t r o l  law s y n t h e s i s  

i s  a p p l i e d  t o  t h e  f l u t t e r  s u p p r e s s i o n  problem. The o b j e c t i v e  is t o  d e m o n s t r a t e  

t h e  a p p l i c a t i o n  of a d i g i t a l  a c r i v e  f l u t t e r  c o n t r o l  d e s i g n  methodoloTy us in ;  

up t ima1 c o n s t r a i n e d  dynamic con-pensators .  The f l u t t e r  c o n t r o l  d e s i g n  i s  

s v n t l i e s i r e d  by m i n i m i z i n z  .I quaLr,it i c  p$rFL.rmance index  d e f i n e d  bv ‘i weizli tsd 

s:im ui mc.in--squ:ire s te . idv s t c i t e  r$-ponscs .ind ct.ntri.1 i n p u t  as i n  t h e  1.01~ 

. ~ : ~ : i r - o ~ i ~ - t i .  IIic. t l i !  T t a ~ + n c - t ’  is  t k i t  L ‘ I ~  +-k-c~.ii~.iL.k ck’:itrL)l 1,iw is c c ~ t i s t r . i i n t ~ J  tc’ 

I 

L’ i i i ~ ’ . i ~ ~ i r t ’ i . ~ ~ ! ~ t s ,  v , ~ ,  t \ ’ i i L . h  . i i - ~  ; i r . i c . t  ic..111y . i \ . i i l a b l e ,  
k 



where  i l k ,  

r e s p e c t i v e l y .  The wind g u s t s  T h i c h  c o n t i n u a l l y  e x c i t e  t h e  wing ,  t h e  measure-  

n e n t  n o i s e ,  ' f l ,  from t h e  s e n s o r s  and t h e  s t a t e  i n i t i a l  c o n d i t i o n  e r r o r s  a re  

s p e c i f i e d  as p a r t  of t h e  d e s i g ?  ? d e l .  Also i n c l u d e d  a re  t h e  " t o  be  d e s i g n e d "  

compensa tor  dynamics ,  

and -: a r e  t h e  c o n t r o l ,  s t a t e  and measurement n o i s e  v e c t o r s ,  -k 

-K 

z = @ I 2  f 6 I u  -k+l 1 -k 2 -c,k 

= Iz 
'c,k -k 

The compensa tor  dynamics a r e  a t: Lhe p l a n t  model as  d c o n p l e t e l y  

c o n t r o l l a b l e  and o b s e r v a b l e  s t a j l e  si stc-. The c o a p e n s a t o r  c o n t r o l s  a r e  

i n c l u d e d  i n  u and t h e  p e r f e c t  - e a s i r e - s r c s  of t h e  compensa tor  s ta tes  ( e x c e p t  

f o r  f i n i t e  a r i t h m e t i c )  a r e  i n c l u d e 2  i n  - - , .  
- k  

-rc 

T h e r e  a r e  a number o f  adi:anc2;ss t ?  i i s ing  t h e  LQG o u t p u t  f e e d b a c k  

approach  combined w i t h  dynar?ic : o r y e n s a t i o n .  The o r d e r  of t h e  compensa to r  

c a n  be  s p e c i f i e d  by t h e  des i - ;n*r  s-?jeci: t o  s t a b i l i z a b i l i t y  c o n s t r a i n t s .  

F o r  t h e  f l u t t e r  prc?blem, dyna-i: cc -pensa t ion  a p p e a r s  t o  b e  n e c e s s a r y  t o  

e n s u r e  s t < i b i l i t y  a t  h i g h  d y n a z i c  F r e s s u r z .  The o u t p u t  f e e d b a c k  apprn , i ch  

a l l o w s  the d e s i g n e r  t o  choose  t h e  s i m p l e s t  and e a s i e s t  t o  implement  c o n t r o l  

s t r u c t u r e  which  a c h i e v e s  s t a b i l i t y  - . a rs ins  and 1c7w r m s  r e s p o n s e .  A t  t h e  

same time, dynamic s F s t e n s  which i . f f e c t  t h e  c o n t r a 1  d e s i s n ,  s u c h  as a c t u a t o r  

J v n a m i ~ , s  .ind cirialoc p r t . t i l  ters ,  :.I? 52 i-, Luded i n  t h e  p l a n t  model w i t h o u t  

i n < .  rt>'is in.- ~ ~ ~ ~ i i  t rc) 1 s t Y L I C '  t (I 1-c L-,'--7 1 z\ i t y. . 

. .  

l!ie c:i<idrLit i c ~  <*{>st < i i i i L . t  i , > - y .  L<< . :  t,' :e;>reseiit d e s i g n  c3b j t ' c t i v e s  is 



s p e c i f i e d  i n  con t inuous - t ime  a l o n g  w i t h  t h e  f l u t t e r  model  dynamics .  The c o s t  

f u n c t i o n  and p l a n t  model are  t r ans fo rmed  t o  a d i s c r e t e  o p t i m i z a t i o n  problem 

u s i n g  t h e  sampled-da ta  r e g u l a t o r  approach .  The r e s u l t i n g  o p t i m a l  o u t p u t  f eed -  

back  d i g i t a l  c o n t r o l  l a w  i s  a d i r e c t  d i g i t a l  d e s i g n .  The sample  ra te  c a n  be  

r e a d i l y  changed and new c o n t r o l  g a i n s  o b t a i n e d  w i t h o u t  h a v i n g  t o  a d j u s t  t h e  

c s n t i n u o u s - t i m e  c o s t  f u n c t i o n  w e i g h t i n g  mat r ices  t o  o b t a i n  comparab le  t i m e -  

domain pe r fo rmance .  

The computa t ion  d e l a y  t h a t  o c c u r s  i n  implement ing  t h e  d i g i t a l  c o n t r o l  

sys t em c a n  b e  accommodated i n  t h e  d e s i g n  by w e i g h t i n g  c o n t r o l  r a t e  i n  t h e  

con t inuous - t ime  c o s t  f u n c t i o n .  C o n t r o l  r a t e  w e i g h t i n g  c a u s e s  t h e  o p t i m a l  

d i g i t a l  c o n t r o l  l a w  t o  u s e  one - s t ep  d e l a y e d  s t a t e  i n f o r m a t i o n .  The t i m e  

f rame t h a t  t r a n s p i r e s  a f t e r  r e c e i v i n g  t h e  sampled f i l t e r e d  s e n s o r  measure-  

r e n t  c a n  be  used  t o  compute t h e  c o n t r o l  s i g n a l  t h a t  i s  t o  b e  smt t o  t h e  

a c t u a t o r  c h a n n e l  a t  Ehe b e g i n n i n ?  of  t h e  n e s t  t i m e  f r ame .  

The o p t i m a l  c o n t r a i n e d  dynarnic compensa tor  problern h a s  been  s t u d i e d  by 

r 2 s e a r c h e r s  i n  Refs .  L t o  7 .  The n e c e s s a r y  c o n d i t i o n s  f o r  t h e  c o n t r o l  law 

t ?  m i n i y i z e  t h e  c o s t  f u n c t i o n  a r e  p r e s e n t e d  i n  R e f .  G f o r  t h e  c o n t i n u o u s  

c z s e  and R e f .  6 f o r  t h e  d i s c r e E e  c a s e .  D e s p i t e  t h e  nany  p r a c t i c a l  a d v a n t a g e s  

c.f t h e  approach ,  t h e r e  a r e  orcl\- 3 fa.: s e r i o u s  s t u d i e s  of t h e  a p p l i c a t i o n  o f  

c.?cimal c o n s t r a i n e d  2ynamic c o n ? s n s a t o r s  f o r  c o n t i n u o u s  p l a n t s  and  none ,  t h a t  

t?ie a u t h o r s  a re  aw,?re o f ,  f o r  d i s c r e t e  s y s t e m s .  T h e r e  a re  a t  l eas t  t h r e e  

r e a s o n s  which  make t h e  a p p l i c a t i o n  of o p t i m a l  o u t p u t  f e e d b a c k  d e s i g n  d i f f i c u l t .  

These  d i f f i c u l t i e s  a re  surmounted f o r  t h e  d i g i t a l  f l u t t e r  s u p p r e s s i o n  c o n t r o l  

law d e s i g n  p r e s e n t e d  i n  t h i s  r e p o r t .  

[tie :-.est impc>rt,int re'ison i s  the  1 I o f  ;i f , i s t ,  s t a b l e ,  r e l i ' i b l e  Lilctlt-- 

i r i i r ?  I k l r  i t t > t - ' i t i x 7 e l v  s ~ 1 I v i n c  thtl Lli.Acpiit . t.t.dh,izli nect lss<ir \ -  coriclit i o n s  f o r  

r t ' l , i t  i X . t . 1 1  lLirgta :>l . ints .  ReL~t>iit l v ,  i n  R e f .  8, t h e  < iu t l i< i r s  prt>s,c>ntt\d 



a new a l g o r i t h m  f o r  s o l v i n g  t h e  n e c e s s a r y  c o r i d i t i o n s ,  by comput ing  a 

s e q u e n c e  of g a i n s  i n  Eq. 1 which c o n v e r g e s  t o  a n  o p t i m a l  g a i n .  T h i s  

a l g o r i t h m  h a s  been  a p p l i e d  w i t h o u t  d i f f i c u l t y  T O  t h e  d i g i t a l  € l u t t e r  con- 

t r o l  law s y n t h e s i s  problem. 

Three  s t u d i e s  which d e t e r i i n e  a n a l o g  o u t p u t  f e e d b a c k  c o n t r o l  l a w s  

u s i n g  dynamic compensa tors  and c o s t  f u n c t i o n s  somewhat s imi l a r  t o  t h e  

one  i n  t h i s  r e p o r t  are  R e f s .  4, 10, 11. G r a d i e n t  s e a r c h  a l g o r i t h m s  a re  

used t o  minimize  t h e  c o s t  f u n c t i o n .  

A compar ison  o f  t h e  a l g o r i t h m  used i n  t h i s  r e p o r t  and  a t y p i c a l  

g r a d i e n t  s e a r c h  a l g o r i t h m  i s  z i v e n  i n  Ref .  8. A compar ison  of  t h e  

s y m p l i f i e d  v e r s i o n  of  t h e  a l z o r i t h n  i n  t h i s  r e p o r t  ( i . e .  t h e  case when 

1 is f o r c e d  t o  b e  1 .0  i n  E q .  5 9 )  and t y p i c a l  g r a d i e n t  s e a r c h  a l g o r i t h m s  

i s  a i v e n  i n  R e f .  1 2 .  Both rEz?rerLces c!e n s t r c l t e  t h e  b e n e f i t s  o f f e r e d  

jy t h e  a l g o r i t h m  i n  t h i s  re?cr t .  G r a d i e n t  search a l g o r i t h m s  h a v e  t h e  added 

d i f f i c u l t y  t h a t  t h e  s e a r c h  d i r e c t i o n  c a n  l e a d  t o  u n s t a b l e  c l o s e d - l o o p  p l a n t s ,  

problem n o t  e n c o u n t e r e d  3y :'?? a l j o r i t ' n r .  used  i n  t h i s  r e p o r t  ( f o r  a s u f f i c -  

i e n t l > -  s m a l l  '31). 

d second r e a s o n  for o p t i - 2 1  a u t p u t  f e e d b a c k  d e s i g n  d i f f i c u l t i e s ,  

as r e p o r t e d  i n  most of t h e  r e f s r e n c e s  an o p t i m a l  dynamic c o m p e n s a t o r s ,  

i s  t h a t  s i m p l y  a d j o i n i n g  c r - 3 c - L s a t c r  d::namics t o  t h e  p l a n t  and n o t  

i,.ei:htin$ compensa tor  c o n t r 2 l s  Jr s t a t e s  i n  t h e  c o s t  f u n c t i o n  i s  un- 

s a t i s f a c t o r y  s i n c e  t h e  o p t i m i z a t i o n  p r o c s s s  c a u s e s  t h e  u n c o n s t r a i n e d  com- 

p e n s a t o r  g a i n s  t o  approach  l a r g e  v a l u e s  f o r  c o n t i n u o u s  s y s t e m s .  T o  a v o i d  

t h i s  problem, R e f s .  4 and 5 ,  f?r esample ,  i n c l u d e  t h e  compensa tor  g a i n s  i n  

t h e  c o s t  f u n c t i o n  u s i n g  A 7 ~ d i f i a i  versiL3n of c o x p e n s a t o r  c o n t r o l  w e i g h t i n g .  

A\ nev d p p r o a c h  is  pursued Cc>r t3* f l u c t ? r  s u p p r e s s i o n  c o n t r o l  law d e s i g n .  l h e  

L c m p e n s L ~ t L ~ r  s t , i t es  . i d  c ~ ~ w t r k ~ l s  .ire qa.icir.itic.nl I?- w e i s h t e d  i n  t h e  c o s t  f u n c t i ~ ~ r i  

. I  :I \ I  .I n L> 1- r o r t e i - ~ i  . 



is added t o  the c o s t  f u n c t i o n .  The e r r o r  term i s  a n  a t t e m p t  t o  f o r c e  t h e  

compensa tor  s t a t e s  t o  es t imate  o r  o b s e r v e  chosen  s t a t e s  of  t h e  p l a n t .  The 

g l o b a l l y  o p t i m a l  dynamic compensator  f u r  t h e  case where  t h e  o r d e r  of  t h e  

compensa tor  i s  n-; (number of p l a n t  s t a t e s  - number of  p l a n t  o b s e r v a t i o n s )  

is  a r educed-o rde r  o b s e r v e r ,  (Ref .  7 ) .  

A t h i r d  r e a s o n  why o p t i a a l  c o n s t r a i n e d  dynamic compensa to r  may b e  

r e c e i v i n g  l i t t l e  a t t e n t i o n  c o n c e r n s  t h e  l a c k  o f  any  t h e o r e t i c a l  g u a r a n t e e  

of  good c o n t r o l  s y s t e m  p r o p e r t i e s .  T h e o r e t i c a l  g u a r a n t e e s  o f  p h a s e  and 

g a i n  marg ins  f o r  t h e  L i n e a r  Q u a d r a t i c  R e 5 u l a t o r  (LOR) f u l l - s t a t e  f e e d b a c k  

c o n t r o l  l a w  are d i s c u s s e d  i n  R e f .  13. ’The s t a b i l i t y  m a r g i n s  of the  f u l l -  

s t a t e  f eedback  LOG approach  can  r e c o v e r  t h e  s t a b i l i t y  m a r g i n s  of  t h e  LQR 

approach  by u s i n g  a n  i n p u t  n o i s e  a d j u s t n e n t  p r o c e d u r e  d e s c r i b e d  i n  R e f .  1Li. 

A f l u t t e r  s u p p r e s s i o n  c o n t r o l  late des igned  u s i n g  t h e  LQG i n p u t  n o i s e  a d j u s t -  

ment method i s  p r e s e n t e d  i n  Ref .  1 .  Al though a p roof  ex is t s  o n l y  f o r  a 

L 111- rJer  LQG c c n t r o l  law, Sec t i c r?  Ii‘C n u m e r i c a l l v  shows t h a t  improved 

s t a b i l i t y  m a r g i n s  c3n a l s o  32 o b t a i n e d  f o r  t h e  d i s c r e t e  o p t i m a l  c o n s t r a i n e d  

dynamic cornpensator  approach .  The i c p r o v e d  s t a b i l i t y  m a r g i n s  are o b t a i n e d  

by  i n c r e a s i n g  the  i n i t i a l  c c n d i t i o n  i n p u t  c o v a r i a n c e .  R e f e r e n c e  10, which 

de te rmined  o p t i m l  c o n s t r a i : - e a  dy-anic  compensa to r s  by u s i n g  a s t a t e  reduced  

f u l l - o r d e r  Kalman f i l t e r  as a n  i n i t i a l  g u e s s  and o p t i m i z i n g  t h e  g a i n s  i n  t h e  

r educed-o rde r  s v s t e m ,  r eached  3 s i m i l i a r  c o n c l u s i o n .  

A .  OVERVIEW OF THE REPORT __ - - - - - - - __ - -_ - - - - 

The s tn t e - spLice  model for f l u t t e r  c o n t r o l  s y n t h e s i s  is  d i s c u s s e d  i n  

i \ l < l p i t ’ r  1 I . I‘he \.irce tlrdtlr  t u t i - s t L i t e  *v‘iLuatic>:i model and t h e  lower 

L ~ r c l t ~ t -  J ~ s i g n  mL>dt.>ls c ~ . b t . i i i l ~ d  b\- t-?sidu.i ;  i z c i t  ic3n . ~ n d  b a l a n c i n g  ,ire presenteJ .  

.\ l > . i s ~ ~ l i n e  t l i i t t t ’ r  i * i t d t B I  . i t  q = S . 0  kt’.is. ?lac-h = 0 . 9 ,  is used  t i ~ r ~ ~ u g i i o t i t  
- 



the report. The control optimization problem is constructed in Chapter 111. 

The sampled-data regulator approach is used. A continuous cost function and 

plant model are transformed to an equivalent discrete-time cost function 

and rrodel. A single-rate, zero-order hold, digital control law design that 

accommodztes computation delays is the desired objective. The steps in the 

algorithm used to solve the necessary conditions to minimize the cost function 

are FreseKted in Chapter 111. 

Chapter IV presents the baseline control design parameters and closed- 

loop contzol law performance. The digital controller has a number of para- 

meters which must be varied to trade off stability properties versus rms 

performance. The effects of varying the sampling rate, the prefilter time 

constant and control structure are investigated in Chapter V. A s  the 

control law must stabilize the wing for a wide range of flight conditions; 

Chapter VI contains stability properties and rms performance for a constant 

gain design and a gain scheduled design from = 5.0 to 9.0 kPas. Chapter 

VI1 presents some recommendations and conclusions. Appendix A investigates 

relationships between compensators in this report and observers. 
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11. S'I'AI'E-SPACE MODEL FOR FLUTTER CONTKOL SYNTHESIS 

The c o n t r o l  l a w  s y n t h e s i s  method p r e s e n t e d  in t h i s  r e p o r t  i s  u s e d  t o  

s y n t h e s i z e  a n  a c t i v e  f l u t t e r  s u p p r e s s i o n  c o n t r o l  l a w  f o r  an a e r o e l a s t i c  wind- 

t u n n e l  wing model.  'The geometry of t h e  sweptback ,  c a n i l e v e r e d  wing model ,  

aLong w i t h  s e n s o r  ( a c c e l e r o m e t e r )  and c o n t r o l  s u r f a c e  l o c a t i o n s ,  i s  shown i n  

F i g .  1 .  The ha l f -wing  is s c a l e d  t o  f l u t t e r  w i t h i n  t h e  o p e r a t % i o n a l  l i m i t s  of 

t h e  SASA Langley  T r a n s o n i c  Wind-Tunnel. The wing h a s  a n  e l e c t r o - h y d r a u l i c  

s e r v o - a c t u a t e d  t r a i l i n g  e d g e  c o n t r o l  s u r f a c e .  The s u r f a c e  h i n g e  l i n e  i s  

l o c a t e d  a t  80% of t h e  l o c a l  streaxwise c h o r d .  The r e a c t i o n  t o r q u e s  of  t h e  

a c t u a t o r  are c o n s t r a i n e d  by a l i n k  t o  t h e  main s t r u c t u r a l  beam i n  t h e  c o n t r o l  

pod s e c t i o n .  The main s t r u c t u r a l  b2am is  a s i n g l e  t a p e r e d  aluminum bar .con-  

s t r u c t i o n  w i t h  a c r u c i f o r m  c r o s s  s e c t i o n  as  shown in F i g .  1 .  The a c c e l e r o m e t e r  

and c o n t r o l  s u r f a c e  l o c a t i o n s  were provided  b y  SASX a s  p a r t  of t h e  wing model.  

A.  AEROELASTIC YODEL OF THE I i I X G  ____ _______ 

The m a t h e m a t i c a l  model of w i n g  d e f o r m a t i o n  u s e d  i n  t h i s  r e p o r t  i s  d i s c u s s e d  

in d e t a i l  i n  R e f .  15. P r e v i o u s  a n a l y s e s  of  t h e  problem h a v e  employed g e n e r a l -  

i z s d  c o o r d i n a t e s ,  b a s e d  on z e r o  a i r s p e e d  v i b r a t i o n  modes o r  o t h e r  f i x e d  wing 

d e f o r m a t i o n  s h a p e s ,  from which z e n s r a l i z e d  aerodynamic  f o r c e s  have  b e e n  computed 

( R e f s .  16-18). The model i n  R e f .  15 employs p h y s i c a l  c o o r d i n a t e s  of bending  and 

t c r s i o n  o f  t h e  rain. s t r u c t u r e  d i r e c t l y ,  and u s e s  c o n s t a n t  i n f l u e n c e  c o e f f i c i e n t  

matr ices  t o  d e s c r i b e  t h e  s t r u c t u r a l ,  i n e r t i a l  and aerodynamic  f o r c e s .  

The model i s  c o n s t r a i n e d  t o  7 node p o i n t s  i n  2 degrees-of - f reedom ( v e r t i c a l  

d e f l e c t i o n  and r o t a t i o n  i n  t h e  f l i g h t  d i r e c t i o n ) .  Two a d d i t i o n a l  s t a t e s  a re  used 

f a r  a i l e r o n  d e f l e c t i c n  and an i n t s r n a l  h o u s i n g  s t a t e  l i n k i n g  t h e  c o n t r o l  s u r t ~ c e  

t L 3  t h e  main s t r u c t u r a l  beam. T h e  L i e r o e l a t i c  e f f e c t s  of t h e  a i l e r o n  a re  n o t  ne- 

<:ec.tcd t ihen  t h e  m'Jel  i s  c c j n s t r u c t e d ,  w!iile t h e  i n t e r n a l  h o u s i n g  st'ite hcis i l k '  

7 



a e r o e l a s t i c  e f f ec t .  The e q u a t i o n s  o f  mot ion  a re  g e n e r a t e d  i n  t e r m s  of t h e  

f o r c e s  and moments a f f e c t i n g  the 1 5  degrees-of - f reedom.  

The s t a t e  s p a c e  model f o r  t h e  f l u t t e r  problem can  b e  w r i t t e n  i n  s t a n d a r d  

form a s  

Y = [.- W 
E 

W 
D + Ya 

The s t a t e  v e c t o r ,  - z, i s  9 a r t i t i o n e d  as f o l l o w s  

16 1 6  15 

( 8 )  
T .T 

7 5  

and i s  a 47x1 s t a t e  v e c t o r .  The 16sl x-ec to r ,  z c o n t a i n s  t h e  7 v e r t i c a l  
I J ’  

d e f l e c t i o n s ,  hi ,  7 r o t a t i o n s ,  - Ji’ an i n t e r n a l  h o u s i n g  s t a t e  l i n k i n g  t h e  con- 

t r o l  s u r f a c e  t o  t h e  main s t r c c t u a l  bean ,  sh ,  and a c t u a t o r  p o s i t i o n ,  6 . 

15x1 v e c t o r ,  x , i s  t h e  u n s t e a d y  l i f e  and moment v e c t o r .  The 2x1 d i s t r u b a n c e  

v e c t o r ,  zd, and 3x1 Dryden wind model v e c t o r ,  so are  s ta tes  f o r  t h e  e x t e r n a l  

d i s t u r b a n c e  models  which a f f e c t  t h e  u n s t s a d y  ae rodvnamics .  E q u a t i o n  7 re- 

The a 

-qa 

0 

i n  Eq. 7 i s  ya , p r e s e n t s  t h e  a c c e l e r o m e t e r  F.eJsurer:ent. The parameter, 

.izc e 1eroe.t.  te  r m e n s u r  smen t d i s t u r5,1.:..c es  n><>.de  l e d  as  z ero-meLin w h i t  e n o i s e  w i  t h 



The second-order  Dryden wind model u s e d  t o  r e p r e s e n t  t h e  Von Karmen power 

spec t rum is 

0 - root-mean-square (rms) g u s t  v e l o c i t y  -0.3048 m / s  

L - s c a l e  of  t u r b u l e n c e  o r  c h a r a c t e r i s t i c  l e n g t h  -30 .48  m 

wg 

V f  - f l i g h t  v e l o c i t y ,  m/sec 

The a c t u a t o r  dynamics  a re  r e p r e s e n t e d  by a t h i r d - o r d e r  t r a n s f e r  f u n c t i o n  

g i v e n  by (Ref .  1): 

2 1 4  X 
- a 

u s + 214 
_ -  

a9450 - a 

a 

6 
- -  

s2  + 179.45s  + 89450 X 

The f i r s t - o r d e r  p o l e  i n  Eq. 1 0  i s  nodeled  as  t h e  s t a t e  x i n  Eq. 6 .  The 

second-order  p o l y n o m i a l  i n  E q .  11 i s  embedded i n  t h e  wing model  s t a t e - s p a c e  

r 2 p r e s e n t a t i o n .  The p a r a m e t e r  A i n  Eq. 6 h a s  t h e  v a l u e  214.0 as shown i n  

E q .  10. The matrices A* and B i n  Eq. 6 a re  d e t e r r i n e d  from t h e  s t a t e - s p a c e  

r e p r e s e n t a t i o n  of Eq. 9. 

B .  XODEL STATES CAUSED BY THE COXTROL STRUCTLXE 

a 

a 

3 'T 

___ __ ____ 

The a c c e l e r o m e t e r  s i g n a l  used f o r  f e e d b a c k  senses  low and h i g h  f r e q u e n c y  

wing motion as w e l l  as n o i s e .  F l u t t e r  i s  p r e d i c t e d  a t  a dynamic p r e s s u r e  of 

5.36 kPa and a f r e q u e n c y  n e a r  50 r a d l s e c  ( t h e  l o w e s t  wing m o t i o n  f r e q u e n c y  

i n  t h e  wing model ) .  D i g i t a l  c m t r o l  l ~ r ~ ~ s  c a n  have improved perforv.Inc-2 i f  '1 

p r o p e r l v  chctsen LinLilc7$ p r e f i l t e r  i s  used t o  s u p p r e s s  h i g h  f r e q u e n c y  d i s t u r -  

b.inc.es i n  t he  senst 'r < u t p t i t  hef t i re  t h e  sensor c w t p u t  is sampled ,  (Re fs .  1'1 

.1nd 20) * 



A f i r s t - o r d e r  p r e F i l t e r  w i t h  t h e  t r a n s f e r  F u n c t i o n  

a 
Y = -  

Yf s + a  

i s  used i n  t h e  d i g i t a l  c o n t r o l  la!.) d e s i % n .  I f  a f u l l  s t a t e  f e e d b a c k  l i n e a r  

c u a c i r a t i c  r e g u l a t o r  c o n t r o l  systern is  d e s i g n e d ,  t h e n  a l l  p l a n t  s t a t e s ,  i n -  

c l u d i n g  p r e f i l t e r  s ta tes ,  would have t o  be  measured f o r  Feedback,  however ,  

t h e  u s e  of o u t p u t  f e e d b a c k  d o e s  n o t  r e q u i r e  t h e  measurement of  a l l  t h e  s ta tes  

and d o e s  n o t  n e g l e c t  t h e  p r e f i l t e r  d y n a z i c s .  The b a s e l i n e  v a l u e  f o r  t h e  p r e -  

f i l t e r  p o l e ,  a ,  is chosen  t o  be  n e a r  t h e  f l u t t e r  f r e q u e n c y ,  (-50.0 r a d / s e c ) ,  

The p r e f i l t e r  a l s o  serves t o  s u p p r e s s  s t a b l e  h i g h  f r e q u e n c y  wing d e f o r m a t i o n  

modes which are a l i a s e d  n e a r  t h e  f l u t t e r  mode f r e q u e n c y  a f t e r  s a m p l i n g .  

The d i g i t a l  c o n t r o l  law u s s s  dyna-ic  compensa t ion  t o  i m p r o i r  c l o s e d - l o o p  

s t a b i l i t y  and p e r f o r m a n c e .  The 2rtsr 2 5  t h e  dynarnic compensa tor  i s  a r b i t r a r i l y  

chosen .  The compensa tor  s ta tes  z r e  ir,:roduced i n  t h e  model  a s  s t a b l e  dynamics  

w i t h  p e r f e c t  c o n t r o l  and n o i s e  ? r e s  o 5 s e r v a t i o n ,  

i = - B I Z  + I u  
-C - - 

y = 12 - -C 

A d i g i t a l  c o n t r o l  law r2qcirss a f i n i t e  amount of c o m p u t a t i o n  t i m e  t o  

o u t p u t  a c o n t r o l  command a f t e r  : s a s u r c s n t s  are o b t a i n e d .  N e g l e c t i n g  t h e  

c o m p u t a t i o n  d e l a y  c a n  have  a d v e r s e  e f f e c t s ,  i n c l u d i n g  i n s t a b i l i t y ,  on c l o s e d -  

l o o p  per formance .  An e f f e c t i v e  r?ethod f o r  accommodating t h e  Computa t ion  d e l a y  

i n  t h e  L i n e a r  Q u a d r a t i c  R e 3 u l a t o r  $ ? s i g n  a p p r o a c h  is t o  w e i g h t  c o n t r o l  ra te  

i n  t h e  q u a d r a t i c  c o s t  F u n c t i o n ,  R s f .  '1. The o p t i m i z a t i o n  problem is  s o l v e d  

by i n c l u d i n g  c o n t r o l  r.ite dl-n.i?i.:s i n  che c o n t i n u o u s - t i m e  wing model .  

I O  



Weight ing v i n  t h e  cost  f u n c t i o n  w e i g h t s  c o n t r o l  ra te .  The d i s c r e t e  c o n t r o l  

l a w  t h a t  r e s u l t s  from u s i n g  E q .  15 r e q u i r e s  t h a t  t h e  c o n t r o l  a c t u a t o r  command 

a p p l i e d  a t  t i m e  t k be computed d u r i n g  t h e  t i m e  i n t e r v a l ,  t k - t  k-1' u s i n g  t h e  

a c c e l e r o m e t e r  measurement o b t a i n e d  a t  t h e  s a m p l i n g  i n s t a n t ,  t k-1' 

C. XODEL-ORDER REDUCTION A X )  THE D E S I G S  YODEL __ - ___-_ - - _ _ _ - - _  

The c o m p l e t e  wing modwl h a s  47 s t a t e s  t o  d e s c r i b e  wing m o t i o n ,  5 s ta tes  

f o r  d i s t u r b a n c e  and a c t u a t o r  dynamics and 2+a s ta tes  f o r  t h e  c o n t r o l  law w i t h  

dynamic c o m p e n s a t i o n  (1 p r e f i l t e r  s t a t e ,  1 c o n t r o l  r a t e  s t a t e ,  and a compensa tor  

s ta tes )  f o r  a t o t a l  of 54+0 s t a t e s .  The c o m p l e t e  wing model i s  u s e d  t o  e v a l -  

u a t e  c o n t r o l  p e r f o r m a n c e .  A b l o c k  d iagram of t h e  wing model and d i s c r e t e  

c o n t r o l  l a w  i s  shown in F i g .  2 .  

The d e s i g n  model i s  a s t a t e - s p a c e  r e p r e s e n t a t i o n  of  t h e  wing t h a t  is 

s ~ 7 a l l e r  i n  d i m e n s i o n  t h a n  t h e  evaluat icbn icing model .  The d e s i g n  model i s  used 

i n  t h e  ac t ive  f l u t t e r  c o n t r o l  o p t i m i z a t i o n  problem t o  d e t e r m i n e  t h e  f e e d b a c k  

g a i n s  i n  t h e  c o n t r o l  law. X lower dimensi.cn d e s i g n  model  r e d u c e s  t h e  c o s t  o f  

c o n t r o l  d e s i g n  w i t h o u t  s i g n i f i c a n t l y  cor.Dromising c l o s e d - l o o p  p e r f o r m a n c e ,  as 

w i l l  be  shown. 

The d e s i g n  model i s  o b t a i n e d  b>- r e s i d u a l i z i n g  t h e  h i g h  f r e q u e n c y  and v e r y  

s t a b l e  modes i n  t h e  L i  s t a t e  v i n g  model.  The r e s i d u a l i z a t i o n  p r o c e d u r e  b e g i n s  

by computing t h e  e i s e n v a l u e s  2nd e i g e n v e c t o r s  of  t h e  47 s t a t e  wing model .  The 

e i g e n v a l u e s  a re  shown i n  T a b l e  1 f o r  t h e  b a s e l i n s  (q = 8 . 0  kPa ) f l i g h t  con- 

d i t i o n .  A rea l  t r a n s f o r m a t i o n  m a t r i x ,  T ,  i s  computed by a r r a n g i n g  e i g e n v e c t o r s  

columnwise.  I f  a n  e i z e n v e c t o r  i s  complrs ,  t h e  rea l  p a r t  i s  p l a c e d  as one  

column and t h e  irna9inai-y p a r t  i s  p l a c e d  as t h e  n e s t  column i n  T ,  

s = x x. 
IJ- i i -1 



The t r a n s f o r m e d  wing model i s  b l o c k  d i a g o n a l  and r e s u l t s  i n  the model r e p r e -  

s e n t a t i o n  of  t h e  wing dynamics.  The e i g e n v a l u e s  are  o r d e r e d  as  shown i n  

T a b l e  1, 

-1 T A T =  
W 

0 o s . . *  
a 1 bl 

1 a 1 -b 

0 0 a2 b2  

2 a 
2 -b 

a 
n 

- 
= A  

W 

Complex e i g e n v a l u e s  form 2x2 d i a g o n a l  b l o c k s  i n  , w h i l e  rea l  e i g e n v a l u e s  a r e  

sca la rs  on t h e  d i a g o n a l .  

W 

- - - -  
The t r a n s f o r m e d  model wing n o d e l ,  (;? , C ) i s  p a r t i t i o n e d  as w BU , B w )  w 

f o l l o w s  

-1 
The F s t a t e s  i n  E q .  1 9  are  e q u a l  t o  T s . The d e r i v a t i v e s  of t h e  h i a h  

f r e q u e n c y  and  v e r y  s t a b l e  s t a t e s ,  a r e  assumed t o  b e  z e r o  and are e l i m i n a t e d  

- w 7%' 

w 2 
from t h e  model ,  y i e l d i n g ,  

( 2 2 )  



The c o n t r o l  d e s i g n  model p a r t i t i o n  i s  shown i n  'Table 1 and u s e s  a l l  s t a t e s  up 

t o  and i n c l u d i n g  t h o s e  which govern  t h e  a c t u a t o r  dynamics .  The c o n t r o l  l a w  

p r o d u c e s  u n s a t i s f a c t o r y  c l o s e d - l o o p  per formance  i f  t h e  a c t u a t o r  dynamics are  

r e s i d u a l i z e d  or n e g l e c t e d .  A s e c o n d ,  h i g h e r  o r d e r  e v a l u a t i o n  model shown i n  

T a b l e  1, is u s e d  t o  compute Bode p l o t s  and N y q u i s t  p l o t s  u s i n g  t h e  program 

D I G I K O N ,  Ref .  22.  The v e r s i o n  of D I G I K O N  employed h a s  a maximum l i m i t  on t h e  

number of states a l l o w e d  in t h e  p l a n t  m o d e l .  

The r e s i d u a l i z e d  p r o c e d u r e  used f o r  t h e  wing model is a l s o  u s e d  t o  

r e d u c e  t h e  4 state  d y n a m i c a l  r e p r e s e n t a t i o n  oE t h e  d i s t u r b a n c e s  x and x 

t o  one  s t a t e  i n  t h e  d e s i g n  model,  x . 
n u m e r i c a l l y  b a l a n c e d ,  u s i n g  r e s u l t s  from Ref .  23 ,  t o  improve  c o m p u t a t i o n a l  

-d -g 
- - 

The models  f o r  x , 3, x and x are  
g g a 3: 

a c c u r a c y  f o r  t h e  d e s i g n  and e v a l u a t i o n  m d e l s .  

The b a l a n c i n g  p r o c e d u r e  was a l s o  i n v e s t i g a t e d  as  a n  a 1 t e r n a t i x . e  ne thod  

f o r  r e d u c i n g  t h e  o r d e r  of winq model.  The c o n t r o l  d e s i g n s  u s i n g  t h e  b a l a n c e d  

reduced-order  models  were a c c e p t a b l e ,  b u t  were poor  i n  compar ison  t o  t h e  

c o n t r o l  d e s i g n s  o b t a i n e d  u s i n j  r e s i d u a l i z a t i o n .  Closed- loop  e i g e n v a l u e  loc-  

a t i o n s  f o r  t h e  d e s i g n  and e v a l u a t i o n  n o d e l s  were more d i s p e r s e d  f o r  t h e  

b a l a n c e d  r e d u c e d - o r d e r  d e s i s n  i L d e l s .  

Grouping a l l  t h e  models t o ; e t h e r ,  t h e  i n s t a n t a n e o u s  measurements  are 

0 0 0 1 ' 0  0 [;I = 1: 0 -0- 0 ; ; -:] 
0 0 0 0  0 1  

I 

( 2  3 )  



and t h e  14+0 order  c o n t r o l  des ign  model is: 

- 

A 

- - - 
E 0 ' 0  0 

*11 w I 

a 
0 -A 0 0 ' 0  A 

0 A 0 ' 0  0 0 

aE -a I 0 o 

0 ' -51 0 

0 0 0 0 ' 0  0 

a I 
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I g 

I 
a6 
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I 
0 0 0  
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g 

f 

X 

- 
X 

X 

Z - 

u 

B 

0 0 

0 0 

0 0 

0 0 

I 0 

0 1 

rv--- 

_ - - -  
['I ' a  11 

X 
-P 



111. ACTLVE FLUTTER SUPPRESSION OPTLMlZATlON PROBLEM 

The c o n t r o l  d e s i g n  o p t i m i z a t i o n  problem f o r  s y n t h e s i z i n g  a n  a c t i v e  

f l u t t e r  s u p p r e s s i o n  c o n t r o l  sys tem i s  p r e s e n t e d  i n  t h i s  c h a p t e r .  The c o n t r o l  

d e s i g n  u s e s  a n  i n f i n i t e - t i m e  q u a d r a t i c  cos t  f u n c t i o n  t o  r e p r e s e n t  d e s i g n  o b j e c t -  

i v e s .  The q u a d r a t i c  w e i g h t s  i n  t h e  c o n t i n u o u s - t i m e  cost  f u n c t i o n  a r e  chosen  

by t h e  d e s i g n e r .  The c o s t  f u n c t i o n  and p l a n t  model are t r a n s f o r m e d  t o  a d i s c r e t e  

o p t i m i z a t i o n  model by assuming t h e  c o n t r o l  i n p u t s  can  o n l y  change a t  e q u a l l y  

spaced  sample p o i n t s  i n  t i m e .  The compensa tor  s t a t e s  and p l a n t  s t a t e s  are  c r o s s -  

w e i g h t e d  i n  t h e  cos t  f u n c t i o n  i n  a n  a t t e m p t  t o  make t h e  compensa tor  s t a t e  

estimate, o r  "observe" ,  s p e c i f i e d  wing model modes. The d i s c r e t e  c o n t r o l  

s t r u c t u r e  i s  c o n s t r a i n e d  t o  u s e  feedback  of o n l y  s p e c i f i e d  s t a t e s .  The 

n e c e s s a r y  c o n d i t i o n s  t h e  c o n s t r a i n e d  f e e d b a c k  g a i n  must  s a t i s f y  i n  o r d e r  t o  

minimize  t h e  d i s c r e t e  c o s t  f u n c t i o n  i s  d e t a i l e d .  An a l g o r i t h m  € o r  d e t e r m i n i n g  

a g a i n  which s a t i s f i e s  t h e  n e c e s s a r y  c o n d i t i o n s ,  r e s u l t i n g  i n  a l o c a l  minimun, 

i s  p r e s e n t e d .  

A. COSTISCOUS-TINE O P T I X I Z A T I O S  PROBLEX _________ -I__-- 

The c o n t i n u o u s  q u a d r a t i c  c o s t  f u n c t i o n  b e g i n s  w i t h  t h e  f o l l o w i n g  s t a n d a r d  

q u a d r a t i c  form,  

I 0 

+ [Ec T (35) 

A t  t h i s  s t a t e  i n  deve lopment ,  t h e  above  c o s t  f u n c t i o n  i s  d i f f e r e n t  from pre\ric>us 

a t t e m p t s  ti> Jes iqn  clyn,imic L-or;penscitL>rs u s i n s  o u t p u t  f e e d b a c k  b e c a u s e  b o t h  -. z 

a n d  u wt~istitd. 
c 

l i  



I f  gC i s  n o t  we igh ted  i n  t h e  c o s t  f u n c t i o n ,  t h e  c o n t i n u o u s - t i m e  o p t i m i z a t i o n  

problem can become s i n g u l a r .  The R m a t r i x  c a n  be z e r o  i n  t h e  d i s c r e t e - t i m e  

o p t i m i z a t i o n  problem w i t h o u t  c a u s i n g  t h e  s i n g u l a r i t y  p rob lem,  b u t  t h e  compen- 

s a t o r  g a i n s  c a n  s t i l l  become v e r y  l a r g e .  

C 

A s o l u t i o n  t o  t h e  o u t p u t  f eedback  o p t i m i z a t i o n  problem u s i n g  E q .  25 is 

somewhat ambiguous s i n c e  t h e  compensator s ta tes  have  no i n t u i t i v e  i n t e r p r e t a t i o n .  

Op t ima l  d e s i g n s  u s i n g  t h e  Kalman f i l t e r ,  R e f .  19 ,  o r  o b s e r v e r ,  R e f .  7 ,  u s e  

compensa to r s  w i t h  states t h a t  haT/e c l e a r l y  d e f i n e d  r o l e s  a s  o b s e r v e r s  of p l a n t  

s t a t e s .  A d i s c u s s i o n  of t h e  p r o b l e ?  of when i s  a compensa tor  a n  o b s e r v e r  and 

what d o e s  i t  o b s e r v e  i s  d i s c u s s e d  i n  Appendix 2,. The g l o b a l  optimum f o r  t h e  

o p t i m i z a t i o n  problem w i t h  compensa tcr  s t a t e s  h a v i n g  a r b i t r a r i l y  s p e c i f i e d  o r d e r  

less t h a n  n-R remains u n s o l v e d .  

A h e u r i s t i c  approach  i s  t a k e n  f o r  t h e  a c t i v e  f l u t t e r  s u p p r e s s i o n  c o n t r o l  

d e s i g n .  The a p p r o a c h  s u c c e s s f u l l ; ?  accoxnoda te s  a l g o r i t h m  c o n v e r g e n c e  d i f f i c u l t -  

i es ,  p r o v i d e s  compensa tor  s ta tes  i:ith an  i n t u i t i v e  i n t e r p r e t a t i o n  and c o n t r i -  

b u r e s  toward improv ing  c o n t r o l  la:.; r o b u s t n e s s .  A new term, r e p r e s e n t e d  i n  Eq. 

5 ,  i s  added t o  t h e  c o s t  f u n c t i o n  as follows, 

Ql+HcQHc). T . . -HcQ T 0 

-?Hc (Qc+Q> 0 
0 O R  

J 

1 



[ j  and Hc a re  c h o s e n  t o  b e  f u l l  rank .  

t ies :  

The new t e r n  h a s  t h e  f o l l o w i n g  proper -  

e A s  Q is  i n c r e a s e d ,  t h e  compensator  s t a t e s  are i n t e r p r e t e d  as  more 

H c a n  b e  a r b i t r a r i l y  chosen  
C c l o s e l y  f o l l o w i n g  ( o b s e r v i n g )  H 

s u b j e c t  t o  t h e  r a n k  c o n d i t i o n .  

C-Wl' 

0 I f  Q i s  n o n z e r o ,  t h e  a l g o r i t h m  t o  be  d i s c u s s e d  i n  S e c t i o n  1 1 1 - D  con- 

v e r g e s  t o  a c o n t r o l  l a w  where t h e  compensa tor  and p l a n t  are  c o u p l e d ,  

e v e n  i f  t h e  s t a r t i n g  s t a b i l i z i n q  g a i n  i s  u n c o u p l e d .  When Q i s  z e r o ,  

a n  uncoupled  s t a r t i n g  s t a b i l i z i n g  g a i n  (K , 

matrices i n  Eq. 31) c a u s e s  t h e  a l g o r i t h n  t o  c o n v e r g e  t o  a n  uncoupled  

g a i n  which s a t i s f i e s  t h e  n e c e s s a r y  c o n d i t i o n s .  

and K are  z e r o  y K U ,  C 

e The s o l u t i o n  w i t h  and w i t h o u t  0 i s  non-unique when compensa tor  s t a t e s  

are i n c l u d e d  i n  t h e  p l a n t  a o d e l .  D i f f e r e n t  s t a r t i n g  g a i n s  c o n v e r g e  

t o  d i f f e r e n t  l o c a l  min inuas .  The d i f f e r e n t  compensa tor  d e s i g n s  a t  

l o c a l  minimums are  n o t  n e c e s s a r i l y  r e l a t e d  by a t r a n s f o r m a t i o n  m a t r i x  

(Ref .  7 ) .  

e A s i m p l e  r o o t  l o c u s  u s i n g  t h e  v i n g  model a t  8 .0  kPa ( t h e  d e s i g n  f l i g h t  

c o n d i t i o n )  d e m o n s t r a t e d  t h a t  t h e  wing mole!l  a t  8 . 0  kPa c a n n o t  b e  

s t a b i l i z e d  u s i n g  o n l y  t h e  a c c e l e r o m e t e r  7 s a s u r e m e n t .  The p l a n t  and 

Compensator must be  couple!d t o  minimize  t h e  c o s t  f u n c t i o n  f o r  t h e  

a c t i v e  f l u t t e r  s u p p r e s s i o n  problem. 

. e  The new term i n  t h e  c o s t  f u n c t i o n  i s  s i T i l i a r  t o  t e c h n i q u e s  used  i n  

e x p l i c i t  model f o l l o w i n ?  a p p r o a c h e s ,  R e f .  2 k  and '75. The d i f f e r e n c e  

is  t h a t  t h e  compensator  dynamics ( i . e .  t h e  model dynamics  i n  e x p l i c i t  

model Eol lowing p a r l a n c e )  a l l o w e d  tL- 3, changed by t h e  o p t i m i z a -  

t i o n  p r o c e s s .  

!it. c o n t i n u o u s  prcblen! i s  t rcmsfL>i- iwd til .i d i s c r ? t e  problem u s i n s  the sL1nipl,d- 



B. DISCRETE OPTIMIZATION PROBLM 

The c o n t r o l s  u v and u are assumed t o  b e  c o n s t a n t  o v e r  t h e  f i x c d  
--c ' 

sampl ing  i n t e r v a l ,  C t .  The p i e c e w i s e  c o n s t a n t  c o n t r o l s  a l l o w  t h e  d e s i g n  

model shown i n  Eq .  23 ,  and t h e  c o s t  f u n c t i o n  shown i n  E q .  2 6 ,  t o  b e  t r a n s -  

formed t o  an  e q u i v a l e n t  sampled-da ta  r e g u l a t o r  problem,  (Re€.  2 6 ) ,  

C 

k 

+ . '  
--k 

J = l i m  J 
N- n ( 3 0 )  

The s t a t e  x i n  E q .  2 7 ,  as s h m n  i n  E q .  1-3, is  e q u a l  t o  t h e  s t a t e  v e c t o r  
--P 1'. The uppe r  r i g h t  p a r t i t i o n  of i n  Eq. 27 i s  assumed t o  

b e  z e r o .  If t h i s  a s sumpt ion  i s  n o t  u s e d ,  t h e  i m p l i e d  c o n t i n u o u s - t i m e  implemetl- 

t a t i o n  For u ( t )  would be a t r i a n g u l a r  d a t a  h o l d .  The c o n t r o l ,  u ( t ) ,  is  con- 

s t a n t  o v e r  t h e  sampling, i n s t a n t  i f  F i s  ?.edified as  shown. A w h i t e  n o i s e  term,  

- - 

j k ,  w i t h  c o v a r i a n c e ,  V,  is a d d e d  t o  t h ?  d i s c r e t e  measurements  and i s  t r e a t e J  



- K  

D e f i n i n g  t h e  var i a b l e s  

@ = ? , I + 3 K  
C 1 2 Q  

@ = I + A t K v  
U 

r c = B K  
2 Y  

ru  = B ~ K ~  

- 
f K = i ? t K  f 

- 
K = 2 t K  

C C 

The implementable  form f o r  t h e  c o n t r o l  law w i t h  t h e  compensa tor  i s  

= Q, z + T C  y f , k  + Tu u+ 
%+l c -k 

au  u+ + K 'i' + K  f - f , k  c % 
- - U -k+l 

___ C. NECESSARY COXDITIOXS FOR OPTIYALITY 

One f i n a l  problem must be  r e s o l v e d  b e f o r e  t h e  n e c e s s a r y  c o n d i t i o n s  f o r  

o p t i m a l i t y  f o r  t h e  o u t p u t  feedback  probelm c a n  b e  d e t e r m i n e d .  The c o s t  i n  

E q .  29 minimizes  t h e  a v e r a g e  long term s t o c h a s t i c  p e r f o r m a n c e  of  t h e  p l a n t .  

S t a t e  and c o n t r o l  i n i t i a l  c o n d i t i o n  errc'rs are  a v e r a g e d  t o  z e r o  as S increascls 

and d o  n o t  a f f e c t  t h e  c o n t r o l  d e s i s n .  I n  c o n t r a s t  t o  s t o c h a s t i c  o u t p u t  feed- 

b . ick ,  t h e  LQG [ r c h l e m  and  t h ?  d ? t ? r m i n i s t i c  op,t imal o u t p u t  feedback  approach  

in K e f .  4 ,  art' primari l v  c.mcc.rnc.d w i t h  d r i v i n g  i n i t i a l  c o n d i t i o n s  e r r o r s  t o  

1 3 



z e r o ;  a n o t h e r  d e s i r a b l e  c o n t r o l  o b j e c t i v e .  A f i n a l  m o d i f i c a t i o n  t o  t h e  

q u a d r a t i c  c o s t  f u n c t i o n  i s  c o n s t r u c t e d  where minimum s t o c h a s t i c  pe r fo rmance  

and f a s t  r e s p o n s e  (and as i s  shown l a t e r ,  r o b u s t n e s s )  c a n  b e  t r a d e d  o f €  a g a i n s t  

e a c h  o t h e r ,  

1 
2 t  S 

J(K) = - ( J  + J ) 

+ 2 x T  G u  + U T  k u  T *  J t =  C x 
k=O - tk  ' %k - tk  -tk - tk  - tk  

The p l a n t  r e s p o n s e  i s  s e p a r a t e d  i r , t z  t h e  t r a n s i e n t  component,  - t k '  x and  t h e  

s t o c h a s t i c  component, x as  shovm i n  E q .  40 a .  The f e e d b a c k  c o n t r o l  law 

i s  s i m i l a r l y  p a r t i t i o n e d  i n t o  t h e  E r a T s i e n t ,  u and t h e  s t o c h a s t i c ,  u 
- t k '  -sk' 

components.  J i s  t h e  t r a n s i e n t  ccst r.:ith n o i s e  s o u r c e s  se t  t o  z e r o  w h i l e  

J i s  t h e  a v e r a g e  s t o c h a s t i c  c o s t .  The o b j e c t i v e  i s  t o  d e t e r m i n e  t h e  o u t p u t  

f eedback  g a i n  K i n  E q .  40 5 Tchich 7. inimizes  t h e  a v e r a g e  c o s t  shown i n  E q .  4 1 .  

The n e c e s s a r y  c o n d i t i o n s  f > r  z in i - . i z inS  J ( K )  a re  s t r a i g h t f o r w a r d  i f  t h e  

q u a d r a t i c  w e i g h t s  i n  J t  and 2 a r e  e q u a l .  The t r a d e o f f  be tween J and J 
S t S 

is  accompl i shed  by c h a n g i n z  S , t h ?  c d v a r i a n c e  of t h e  p l a n t  s t a t e  i n i t i a l  

c o n d i  t i o n .  

-sk'  

t 

S 

0 

For  t h e  p l a n t  dynamics shown i n  Ea.  2 3 ,  t h e  f eedback  g a i n  c o n s t r a i n t  shown 

i n  Eq .  31, and t h e  f o l l o w i n g  c o n d i t i o n s .  

( 4 4  a ,  b )  

( b 5  a ,  b )  



E [yk xi ]  = E [~~ = E[ -k v -0 x ~ ]  = 0.0 

T i e  c o s t  i n  E q .  4 1  c a n  b e  r e w r i t t e n  as f o l l o w s ,  (Ref .  8 ) ,  

The m a t r i x ,  P ,  s a t i s f i e s  t h e  R i c c a t i - l i k e  e a u a t i o n ,  

T T T A T  P = Q  C L  P@ C L  + C T K f i K C + 6 - k C - C K M  

( 4 6 )  

( 4 7 )  

( 4 9 )  

QCL i s  the s t a b l e  c l o s e d - l o o p  p l a n t  m a t r i x ,  

QCL = @ - TKC 

- 1  ine m a t r i c e s  3 ,  F and C a r e  d e f i n e d  i n  E q .  2 7 .  

The n e c e s s a r y  c o n d i t i o n s  f a r  Y ' ( K )  ti3 have  a ainirnurn a r e  d e r i v e d  i n  R e f .  

8. There  n u s t  e x i s t  a g a i n ,  E;, s o  t h a t  3 i s  s c a b l e .  The g a i n ,  K, must 

s ' i t i s f y  E q .  49 and t h e  follc.:;irz 

CL 

(51)  
T T T  s = .i. sc + (K + S ) t :K\x : 

C L  C L  C 

[YTPY + R] K F S C  T + V] = [TTPI + GT] SCT 

A few comEFnts are  

e I f  W and V are z e r o  matr ices ,  t h e  n e c e s s a r y  c o n d i t i o n s  are  t h e  

s o l u t i o n  t o  t h e  d e t e r m i n i s t i c  o u t p u t  f e e d b a c k  problem,  J t ,  w i t h  J 
\ 

z e r o .  

e If S i s  a z e r o  rn'itrix, t h 2  n e c e s s a r y  c o n d i t i o n s  are t h e  s c l u t i o n  0 

t o  t h e  s t o c h a s t i c  o u t y u t  f s e d b n c k  prohle i . .  J w i t h  J z e r c ,  and S 
S '  t 

2 1  



a The c o v a r i a n c e ,  Xo,  pe r fo rms  t h e  same f u n c t i o n  as a d d i n g  p s e u d o n o i s e  

t o  t h e  p l a n t  t o  improve c l o s e d - l o o p  per formance .  

An a l g o r i t h m  t o  compute t h e  o p t i m a l  K which  s a t i s f i e s  E q s .  4 9 ,  5 1  and  5 2  is  

g i v e n  i n  R e f .  8. An o p t i m a l  g a i n  e x i s t s  p rov ided  a n  i n i t i a l  s t a b i l i z i n g  g a i n  

e x i s t s ,  I' and C have  f u l l  r a n k ,  m l n ,  ?,Ln and 

w > o  (53) 

h 

( 2 ' 0  (54) 

The above  c o n d i t i o n s  g u a r a n t e e  conve rgence .  The a l g o r i t h m  may s t i l l  c o n v e r g e  

i f  t h e  c o n d i t i o n s  a r e  n o t  s a t i s f i e d  as i n  t h e  case i n  t h i s  r e p o r t .  

D .  A PRACTICAL COXVERGENT AI,CORlTX~ - ___- FOX DISCRETE OPTIMAL OUTPUT _____ FEEDBACK 

Z - TK C i s  s t a b l e ,  ~ C ~ E ( O , ~ ] ,  S t e p  1: Choose K so  t h a t  = 0 0 CL 

z > 1, j a n  i n t e 2 e r  2 1 a n t  se t  i = 0. 

S t e p  2 :  S o l v e  E q .  5 1  f o r  S u s i n g  K. The B a r t e l s - S t e w a r t  a l g o r i t h m  

i n  Ref .  27  i s  r e c r T e n d e 6 .  

i' S t e p  3 :  S o l v e  E q .  4 9  f o r  2 u s i n g  'r; __-__ 

S t e p  4 :  I n v e r t  t h e  s y m - e t r i c  z a t r i z z s :  -____ 

T : = csc + v 

A 

u s i n g  Cholesky  d e c o m p o s i t i c n .  I f  t h e  symmetric matrices P and 



i+l - -  S t e E 6 :  Compute K 

S t e p  7 :  E v a l u a t e  t h e  c o s t  f u n c t i o n ,  . I . , u s i n g  E q  4 8 .  I f  i = 0,  s e t  i t o  1, 
1 

= U, and  go t o  S t e p  2 .  If J .  i s  n e g a t i v e ,  go  t u  S t e p  8 .  i+ 1 i 1 
a 

I f  .Ti - Ji-l i s  n e g a t i v e ,  go  t o  S t e p  9 ,  o t h e r w i s e ,  go  t o  S t e p  8. 

S t e p  8:  Decrease 01 u s i n g  z :  2 = ~ , ~ / z  i i _ _ ~  

Go back  t o  a p r e v i o u s  s t a b i l i z i n g  g a i n  

Compute 

= K .  + ?, .d [K. )  1 1  
Ki+l 1 

i = i+l and ;o t o  S t e p  2 .  - r  - 
i+l -', i' S e t  

35 
a K  1 

Compute -(K.) 

I1 ;J 
1K I j 1 i-l i 

I f  J I  +-(K.) I /  and (Cr. - J ) / J  are less t h a n  some c o n v e r g e n c e  

i = i + l ,  and go t o  - -  c r i t e r i o n  s t o p ,  o t h e r v i s e  set  2 - 
i+l -* i , 

S t e p  3 .  

R e f e r e n c e  8 d e r i v e d  t he  p r o p e r t y  t h a t  t h e r e  e x i s t s  an  0 C. a 5 1 s u c h  t h a t  t h e  

a l s o r i t h m  is  s t a b l e .  The a l $ o r i t h r !  u s e s  a number of  c h e c k s  t o  d e t e r m i n e  i f  

t h e  c u r r e n t  v a l u e  o f  ;I i s  t o o  l a r g e  2nd r e d u c e s  cx J c c o r d i n g l y .  Numer ica l  



I V .  D I G I T A L  CONTROL DESIGN 

T h i s  c h a p t e r  p r e s e n t s  t h e  d e s i g n  v a l u e s  f o r  t h e  b a s e l i n e  c o n t r o l  s y s t e m .  

The d i g i t a l  c o n t r o l  d e s i g n  i s  de te rmined  by c h o o s i n g  e l e m e n t s  i n  0 ,  R ,  W ,  Xo 

and V ,  f i n d i n g  a n  i n i t i a l  s t a b i - l i z i n g  g a i n  and comput ing  t h e  l o c a l l y  optimum, 

IC., u s i n g  t h e  d e s i g n  wing model.  The c o n t r o l  d e s i g n  i s  e v a l u a t e d  u s i n g  t h e  

e v a l u a t i o n  wing model t o  o b t a i n  r m s  r e s p o n s e  f o r  s ta tes  and  c o n t r o l s .  Nyqu i s t  

p l o t s  are d e t e r m i n e d  u s i n g  a lower  d imens ion  e v a l u a t i o n  model.  A d j u s t m e n t s  

are made t o  d e s i g n  e l e m e n t s  u n t i l  a d e s i r e d  pe r fo rmance  t r a d e o f f  i s  o b t a i n e d .  

A. PROCEDURE FOR COMPUTING &Y I X I T I A L  STABILIZING G A I N  

The dynamic compensa tor  makes i t  d i f f i c u l t  t o  a p p l y  o u t p u t  f e e d b a c k  

s t a b i l i z a t i o n  p r o c e d u r e s  t o  t h e  f l u t t e r  c o n t r o l  problem. A s t r a i g h t f o r w a r d  

a p p r o a c h  i s  p r e s e n t e d  t h a t  s u c c e s s f u l l y  d e t e r m i n e s  an i n i t i a l  s t a b l e  g a i n  f o r .  

t h e  f l u t t e r  problem.  

Taking  a d v a n t a g e  of t h e  3 l o c k  d i a g o n a l  form of t h e  f l u t t e r  mode l ,  t h e  

u n s t a b l e  f l u t t e r  mode i n  t h e  model i s  f o r c e d  s t a b l e  by a d j u s t i n g  t h e  2x2 b l o c k  

parameters. 

s e t  t o  10.  

g a i n  can  3e d e t e r m i n e d  w i t h  t h e  a l g o r i t h m  and t h e  m o d i f i e d  wing  model .  

K 

With a l l  g a i n s  b u t  K 

i n  E q .  31 i s  easil!: chosen  t o  s t a b i l i z e  QU and  6 i n  Eq. 1 3  i s  
V 

z e r o ,  ZcL i s  s t a b l e  and a new p r e l i m i n a r y  v 

The p r o c e s s  i s  r e p e a t e d  u s i n g  t h e  new p r e l i m i n a r y  s t a b i l i z i n g  g a i n  and  

p e r t u r b i n g  t h e  f l u t t e r  mode i n  t i e  d i r e c t i o n  of t h e  t r u e  v a l u e .  I f  t h e  con- 

t r o l  d e s i g n  i s  r e l a t i v e l y  i n s e n s i s t i v e  t o  t h e  a r t i f i c a l l y  i n d u c e d  p l a n t  para- 

meter v a r i a t i o n s ,  a v a l i d  s t a b i l i z i n g  g a i n  c a n  b e  i t e r a t i v e l y  computed i n  a 

few s t e p s .  Three  i t e r a t i o n s  were used f o r  t h e  wing model.  

An a l t e r n a t i v e  approach  is t o  s t a r t  t h e  d e s i g n  a t  a low dynamic p r e s s u r ?  

f l i g h t  c o n d i t i o n  uh? re  t h e  f l u t t e r  nod2 i s  s t a b l e .  I n c r e a s i n g  ?j i t e r a t i v e l y  

.ind u s i n 5  ti i t> p r e v i o u s  F L i i n  froi., t h t A  , i lSi .r i thm f o r  e a c h  i n c r e a s e  i n  a l s o  

r t i s u I t s  iLi a s t a b i l i z i n g  s. i in a t  t!!$ d e s i r e d  f l i g h t  c o n d i t i o n .  



B. DESIGN VARIABLES AND OBJECTIVES 

The o p t i m a l  o u t p u t  f eedback  d e s i g n  problem for  f l u t t e r  s u p p r e s s i o n  h a s  a 

number of d e s i g n  v a r i a b l e s  which m u s t  b e  chosen  by  t h e  d e s i g n e r .  

model i s  s imilar  t o  ( b u t  n o t  t h e  same a s )  t h e  wing model i n  R e f s .  1 and LO. 

The c o n t r o l  pe r fo rmances  i n  R e f s .  1 and 10 form r e a s o n a b l e  o b j e c t i v e s  f o r  

s p e c i f y i n g  t h e  c o n t r o l  d e s i g n  v a r i a b l e s  and are shown i n  T a b l e  2 .  

The wing 

The d i f -  

f e r e n c e s  be tween t h e  a p p r o a c h e s  are 

D i g i t a l  d e s i g n  i n  t h i s  r e p o r t  v e r s e s  a n a l o g  d e s i g n s  i n  K e f s .  1 

and 10. 

4 Compensator + 1 p r e f i l t e r  + 1 c o n t r o l  s t a t e  i n  t h i s  r e p o r t  

v e r s u s  4 compensa tor  + 1 p r e f i l t e r  s t a t e  i n  Ref .  1 v e r s u s  4 

compensa tor  s ta tes  i n  R e f .  10. 

q T h i s  r e p o r t ,  R e f .  1 and Ref .  10 each  u s e  d i f f e r e n t  p l a n t  model 

o r d e r s  f o r  t h e  d e s i g n  win? models.  

The Dryden wind model shown i n  E q .  9 d i s t u r b s  t h e  dynamics  f o r  b o t h  r e f e r e n c e s .  

The parameter d e s i g n  v a r i a b l e s  are t h e  p r e f - i l t e r  t i m e  c o n s t a n t ,  t h e  

sampl ing  t i m e  I t ,  t h e  a c c e l e r o r e t e r  measurement n o i s e  c o v a r i a n c e ,  t h e  c o s t  

f u n c t i o n  w e i g h t s ,  ill, Qc, Q ,  2 ,  R c ,  R and the  s t a t e  i n i t i a l  c o n d i t i o n  m a t r i x ,  

X . S t r u c t u r a l  d e s i g n  v a r i a S l e s  z r e  t h e  o r d e r  of t h e  c o m p e n s a t o r ,  t h e  compen- 

H c ,  and t h e  t i m i n g  of t h e  y s a t o r  o b s e r v a t i o n  n a t r  i x ,  

C .  D E S I G S  VALUES 

V 

0 

o b s e r v a t i o n .  f 

____ - -_ 

Using R e f s .  1 and 10 as g u i d e l i n e s ,  t h e  o r d e r  o f  t h e  compensa to r ,  0 ,  is 

chosen  t o  b e  f o u r .  The m a t r i x ,  H is  chosen  so t h a t  t h e  f i r s t  two coxpGnss tor  

s t a t e s  "observe"  t h e  u n s t a b l e  f l u t t e r  mode i n  T a b l e  1 and t h e  t h i r d  and f o u r t h  

sLmperisatL>r stcites "obse rve"  t h ?  second mirde i n  T a b l e  1. The ( 5  x 10) r - ,n t r i \ \ ,  

Hc, 

c '  

is c l i ~ ~ s ~ i i  w i t h  the pl.i:it t;t:it?s t > s p r e s s e d  i n  r educed-o rde r  model c<>L>rdiii.ites 

,- - I  



A s  a g e n e r a l  r u l e ,  i f  p o l e s  and z e r o e s  a re  " c l o s e " ,  t h e  p o l e  is u s u a l l y  

" c l o s e "  t o  b e i n g  u n c o n t r o l l a b l e  o r  u n o b s e r v a b l e .  Modes 3 and 4 ,  i n  T a b l e  1, 

r e p r e s e n t  s t a b l e  modes t h a t  a re  o n l y  m o d e r a t e l y  a f f e c t e d  by t h e  c o n t r o l  d e s i g n  

as shown i n  T a b l e  3.  I n c r e a s i n g  t h e  o r d e r  o f  t h e  compensa tor  t o  a c c o u n t  f o r  

modes 3 and 4 i s  n o t  r e q u i r e d .  

The s a m p l i n g  r a t e  i s  chosen  t o  b e  200 s a m p l e s l s e c .  P l a n t  modes w i t h  

n a t u r a l  f r e q u e n c i e s  above  628.3 r a d l s e c  are a l i a s e d  by t h e  s a m p l e r .  The 

a l i a s e d  f r e q u e n c i e s  f o r  t h e s e  modes are shown i n  t h e  second  column of T a b l e  

3 .  The mapped p o l e s  i n  T a b l e  3 are  d e t e r m i n e d  b y  f i r s t  comput ing  @ f o r  

t h e  f u l l  o r d e r  c l o s e d - l o o p  e v a l u a t i o n  model,  comput ing  t h e  d i s c r e t e  c l o s e d -  

CL 

l o o p  p o l e s ,  t h e n  mapping t h e  d i s c r e t e  p o l e s  back  i n t o  t h e  s-domain u s i n g  

t h e  n a t u r a l  l o g ,  

Discrete p o l e  A = a + j b  

D i s c r e t e  p o l e  
J . =  d- a - + b  e j t a n - l b f a  

(6  3 )  

Covar i ance  v a l u e s .  and q u a d r a t i c  w e i s h t s  chosen  f o r  t h e  d e s i g n  are  

shown i n  T a b l e  

t i a l  c o n d i t i o n  

e l emen t  i n  t h e  

4 .  The c o v a r i a n c e ,  X i s  t h e  i n p u t  c o n t r o l  p o s i t i o n  i n i -  

c o v a r i a n c e .  The c o s a r i a n c e ,  X i s  t h e  e l e v e n t h  d i a g o n a l  

X c o v a r i a n c e  z a t r i s  sh0r.n in Eq. A 7 .  The c o v a r i a n c e  X 

U' 

U '  

0 U 

i s  d e f i n e d  as X = E { x i } .  ?a312 5 shows t h a t  i n c r e a s i n g  X i n c r e a s e s  

g a i n  marg ins  and p h a s e  marg ins  b u t  a l s o  i n c r e a s e s  c o n t r o l  s u r f a c e  a c t i v i t y .  

A compromise must b e  r eached  between t h e  c o n f l i c t i n g  o b j e c t i v e s  o f  good 

s t a b i l i t y  m a r g i n s  and low c o n t r o l  s u r f a c e  a c t i v i t y .  I f  t h e  c o n t r o l  s u r f a c e  

a c t i v i t y  is  h i g h ,  modera te  z u s t s  czin cause t h e  s u r f a c e  t o  s a t u r a t e  q u i c k l y ,  

t h e  d e s i g n  m'iy become s e n s i t i v e  t L >  urini,>d?led a c c e l e r o m e t e r  n o i s e  d i s t u r b a n c e s  

.inJ the iL\iitr<1L s y s t e r :  i".iv b ? c c > i e  s u s c e p t i b l e  t o  l i m i t  c y c l i n g .  The d e s i s n  

U U 



f o r  X = 0.10 i n  T a b l e  5 is s e l e c t e d  as t h e  compromise v a l u e .  The g a i n  

marg ins ,  phase  m a r g i n s  and c o v a r i a n c e  a c t i v i t y  i n  T a b l e  5 compare f a v o r a b l y  

t o  t h e  a n a l o g  d e s i g n s  i n  T a b l e  2 .  

u 

T a b l e  5 shows t h a t  t h e  i n p u t  n o i s e  a d j u s t m e n t  p r o c e d u r e  is  c a p a b l e  of  

improving s t a b i l i t y  m a r g i n s  f o r  t h e  o u t p u t  f e e d b a c k  compensa to r  d e s i g n  

s y n t h e s i s  t e c h n i q u e  used  i n  t h i s  r e p o r t  f o r  t h e  wing model.  Improving  s t a b -  

i l i t y  marg ins  i n c r e a s e s  c o n t r o l  s u r f a c e  a c t i v i t y .  A d j u s t i n g  t h e  i n p u t  n o i s e  

a f f ec t s  b o t h  t h e  compensa tor  and t h e  o u t p u t  f e e d b a c k  g a i n s .  The i m p l i c a t i o n  

i s  t h a t  a r t i f i c i a l  i n p u t  n o i s e  v a r i a t i o n  may b e n e f i c a l l y  a f f e c t  s t a b i l i t y  

marg ins  f o r  a n y  d e s i g n  u s i n g  t h e  o u t p u t  f e e d b a c k  d e s i g n  approach  d i s c u s s e d  

i n  Chap te r  111 ( w i t h  o r  w i t h o u t  compensa tor  s t a t e s ) .  

The N y q u i s t  d i ag rams  f o r  t h e  t h r e e  c o n t r o l  laws i n  T a b l e  

i n  F i g .  3 and show t h e  p r o g r e s s i v e  i n c r e a s e  i n  p h a s e  and g a i n  

p l o t  of t h e  r educed-o rde r  p l a n t  p l u s  t h e  X = 1 . 0  c o n t r o l  l a w  
U 

5 a r e  p r e s e n t e d  

m a r g i n s .  X Bode 

d e s i g n  i s  p r e -  

s e n t e d  i n  F i g .  4 .  The r a p i d  changes  a t  $15 r a d j s e c  and 163 r a d / s e c  a re  caused  

by t h e  z e r o s  n e a r  t h e s e  f r e q u e n c i e s  as shown i n  T a b l e  1. The bandwid th  i n  

T a b l e  5 i s  t h e  h i g h e s t  f r e q u e n c y  i n  t h e  Bode p l o t  a t  which  t h e  g a i n  i s  g r e a t e r  

t’nan -6B. 

T a b l e  6 shows t h e  v a r i a n c e  x7alues  f o r  d e f l e c t i o n  and r o t a t i o n  o f  the 7 

mss b o d i e s  which  compr i se  t h s  icing model f o r  a 0.305 m / s  (1 f t , )  g u s t  i n p u t .  

The v a r i a n c e s  i n c r e a s e  from t h e  fuse l aze  t o  t h e  wing t i p  b u t  have  a c c e p t a b l e  

v a l u e s .  

D.  NIMERICAL EXPERIENCE - 

Numer ica l  e x p e r i e n c e  w i t h  t h e  a l g o r i t h m  and t h e  f l u t t e r  c o n t r o l  problem 

x;ith dynamic compensdtit ln v e r i f i e d  t h a t  t h e  b a s e l i n e  c o n t r o l  d e s i g n  p e r f o r -  

r . ~ n c e  S iven  i n  I”ibLe 5 is prob,ibl\- .I l ~ - ~ - . i l  niininiunJ.. D i f f e r e n t  s t a r t  i n <  <<iins 



T a b l e  5 c o u l d  p r o b a b l y  b e  i m p r v v r d  by s t a r t i n g  t h e  a l g o r i t h m  a t  d i f f e r e n t  

s t a b l e  g a i n s  and comparing per formance .  T h e o r e t i c a l  and n u m e r i c a l  p r o c e d u r e s  

which  g u a r a n t e e  u n i q u e n e s s  i s  a n  area of i n v e s t i g a t i o n  recommended i n  C h a p t e r  

V I T .  

F i g u r e  5 shows a t y p i c a l  conve rgence  p a t t e r n  of t h e  o u t p u t  f e e d b a c k  

r l g o r i t h m .  The l a r g e s t  improvements i n  t h e  c o s t  f u n c t i o n  o c c u r  w i t h i n  10 

i t e r a t i o n s .  V a l u e s  f o r  t h e  a l g o r i t h m ' s  CJ. p a r a m e t e r ,  d e f i n e d  i n  S e c t i o n  

1 1 1 - D ,  v a r y  be tween 0 . 2  and 0.05 depend ing  on t h e  w e i g h t i n g  and  c o v a r i a n c e  

v a l u e s .  

I n  t h e  n e x t  s e c t i o n ,  d e s i g n  p a r a m e t e r s  a r e  v a r i e d  and the e f f e c t  on 

pe r fo rmance  i s  t a b u l a t e d .  Whenever p o s s i b l e ,  t h e  s t a r t i n g  g a i n  i s  f i x e d  a t  

t h e  same v a l u e  f o r  e a c h  v a r i a t i o n .  



V. EFFECT OF V A R Y I N G  CONTROL PARAMETERS AND STRUCl'UI.CE 

I n  t h i s  c h a p t t r , t h e  e f f e c t s  of l o w e r i n g  t h e  s a m p l e  r a t e ,  v a r y i n g  t h e  

P r e f i l t e r  time c o n s t a n t  and a l t e r i n g  t h e  c o n t r o l  s t r u c t u r e  from a "one-s tep  

p r e d i c t i o n "  t o  a n  "update"  imp lemen ta t ion  a r e  i n v e s t i g a t e d .  The s t a r t i n g  

g a i n  column i n  t h e  T a b l e s  i n d i c a t e s  i f  t h e  s t a r t i n g  s t a b i l i z i n g  g a i n  i s  

t h e  same a s  t h e  s t a r t i n g  g a i n  i n  t h e  b a s e l i n e  d e s i g n .  I f  t h e  g a i n s  a re  n o t  

t h e  same, t h e  s t a r t i n g  s t a b i l i z i n g  g a i n  i s  t h e  l o c a l l y  optimum g a i n  o b t a i n e d  

i n  t h e  p r e v i o u s  v a r i a t i o n  b e i n g  i n v e s t i g a t e d .  

A .  SAMPLE RATE VARIATION 

Slower s a m p l e  ra tes  lower  t h e  r e q u i r e m e n t s  f o r  computer  s p e c i f i c a t i o n s ,  

computer code  e f f i c i e n c y  andA/D,D/A c o n v e r t e r s .  The e f f e c t  o f  p r o g r e s s i v e l y  

l o w e r i n g  t h e  s a m p l e  ra te  from 200 s a m p l e s / s e c  t o  100 s a m p l e s / s e c  is shown in 

T a b l e  7 .  The c o r p l e x i t i e s  of rnaking mean ingfu l  c m p a r i s o n s , a s  w e l l  a s  t h e  

o p t i m i z a t i o n ' s  p r o p e n s i t y  f o r  advan tageous  r e c o n f i g u r a t i o n  i s  e v i d e n t  i n  

t h e  Tab le .  The c o n t r o l  r m  r e s p o n s e  i m p r o v e s w i t h l o w e r  s a m p l e  rates f o r  

f i x e d  X u ,  b u t  g a i n  and p h a s e  m a r g i n s  d e g r a d e ,  p a r t i c u l a r l y  a t  the h i g h e r  

f r e q u e n c y  c r o s s o v e r  p o i n t s .  The X c o v a r i a n c e  i s  i n c r e a s e d  t o  0 .25 f o r  t h e  

160 sample/sec d e s i g n  i n  a n  a t t e m p t  t o  match  6,, r e s p o n s e  w i t h  t h e  200 s a m p l e /  

s e c  d e s i g n .  The d e g r a d a t i o n  i n  h i g h  f r e q u e n c y  g a i n  and phase  m a r g i n  a t  t h e  

lower  s a m p l e  r a t e  i s  e v i d e n t .  Sample ra tes  b e l m  150 s a m p l e s / s e c  a p p e a r  t o  

have  q u e s t i o n a b l e  pe r fo rmance .  

B.  PREFILTER POLE VARIATIOSS - 

U 

La.- 

L_ 

Analog f l u t t e r  c o n t r o l  l a w s  i n  R e f .  2 8  u s e d  f i r s t  o r d e r  a n a l o g  p r e f i l t e r s  

i n  a l l  t h e  d e s i g n s  r e p o r t e d .  Yalties fL)r  t h e  p r e f i l t e r  p o l e  ranged  i rom -5.0 

t o  -20.0.  The i k ) i i t r < ) l  1 , i r~s  i n  R e t .  ?: ,use two sensors f<>r  tsedh ' ick.  r c > r s i f i n a l  

'9 



Lower p r e f i l t e r  p o l e s  f o r  t h e  one a c c e l e r o m e t e r  s e n s o r  used  i n  t h i s  

r e p o r t  d e g r a d e  rms r e s p o n s e  f o r  t h e  c o n t r o l  s u r f a c e ,  b u t  improve g a i n  and 

phase  m a r g i n s  ( e x c e p t  f o r  t h e  h i g h  f r e q u e n c y  g a i n  marg in )  a s  shown i n  

T a b l e  8 .  The b e s t  compromise a p p e a r s  t o  b e  t o  r e d u c e  t h e  magn i tude  o f  t h e  

p r e f i l t e r  p o l e  u n t i l  <rms r e s p o n s e  i s  m a r g i n a l l y  a c c e p t a b l e .  A l though  n o t  

s t u d i e d  i n  t h i s  a p p l i c a t i o n ,  a wash-out f i l t e r  ( s / s + b )  s h o u l d  b e  i n c o r p o r a t e d  

w i t h  t h e  p r e f i l t e r  t o  s u p p r e s s  low f r e q u e n c y  m o t i o n  of  t h e  wing c a u s e d  by 

a i r c r a f t  maneuvers  . 
C .  ALTERNATE COSTROL STRUCTURE 

The c o n t r o l  l a w  shown i n  F i g .  2 i s  p u r p o s e l y  d e s i g n e d  so t h a t  u u s e s  

the y measurement f o r  f eedback .  The c o n t r o l  u by d e f i n i t i o n ,  is t o  

b e  w r i t t e n  by  t h e  onboard  computer t o  t h e  a c t u a t o r  o u t p u t  p o r t  a t  t h e  t i y e  

A one sa:?;? t i m e  p e r i o d ,  C t ,  o c c u r s  i n  r e a l  t i m e  i n  t h e  onboard  i n s t a n t  t 

computer between reeeis7ing y from t h e  measurement i n p u t  p o r t  and w r i t i n s  

u t o  t h e  a c t u a t o r  o u t p u t  p o r t .  The L t  t i m e  p e r i o d  c a n  b e  used  t o  compute -k 

u u s i n g  E q s .  38 and 39. -k 

--k 

f ,k-1 --k' 

k '  

-€ ,  k-1 

Cons ide r  c h a n g i c s  Eq. 38 so t h a t  1 is  assumed t o  b e  t h e  measurement f , k+l 

k' a t  t 

E q u a t i o n  66 i s  m o d i f i e z  u s i n g  t h e  p l a n t  dynamics  



Note t h a t  t h e  "measurement n o i s e "  and t h e  p r o c e s s  n o i s e  become c r o s s -  

c o r r e l a t e d .  The implemen tab le  c o n t r o l  l a w  which min imizes  t h e  c o s t  f u n c t i o n  

u s i n g  Eq. 66 as t h e  measurement v e c t o r  i s  

+ r u, 
+ 'c ' f ,k  u IC-1 z k = Q  c -k-1 z 

A b l o c k  d i ag ram i s  shown i h  F i g .  6. A l l  m u l t i p l i c a t i o n s  and a d d i t i o n s  i n  

Eq. 69 c a n  b e  per formed b e f o r e  t , ,  e x c e p t  t h e  s i n g l e  m u l t i p l i c a t i o n  K y 

and t h e  a d d i t i o n  t o  form u The computa t ion  d e l a y  i s  v e r y  smal l .  The 

compensa tor  i n  t h e  c o n t r o l  l a w  i n  E q .  68 r e s e m b l e s  t h e  "update"  Kalman 

f i l t e r  form. 

K f f , k  

k '  

The c o v a r i a n c e ,  f o r  t h e  a l t e r n a t e  c o n t r o l  s t r u c t u r e  i s  r e d u c e d  t o  

0 .01  t o  make t h e  c o n t r o l  s u r f a c e  v a r i a n c e  s i m i l i a r  t o  t h e  b a s e l i n e  d e s i g n  

c o n t r o l  s u r f a c e  v a r i a n c e  as shoxin i n  T a b l e  9 .  The r e d u c t i o n  i n  X de- 
U 

g r a d e s  t h e  s t a b i l i t y  p r o p e r t i e s  of t h e  a l t e r n a t e  c o n t r o l  s t r u c t u r e  d e s i g n  as  

shown by t h e  Bode p l o t  i n  F i e .  I. The per formance  of t h e  a l t e r n a t e  c o n t r o l  

s t r u c t u r e  c o u l d  p r o b a b l y  b e  s i g n i f i c a n t l y  improved by a d j u s t i n g  t h e  quad- 

r a t i c  w e i g h t s .  The q u a d r a t i c  : r*izhts  a re  n o t  changed i n  any  of t h e  tests 

from t h o s e  used  t o  o p t i m i z e  ~ 5 s  3 a s e l i n e  d e s i g n .  The low f r e q u e n c y  g a i n  i n  

F i g .  7 i s  u n a c c e p t a b l y  h i g h ,  3Lt cou ld  be improved u s i n g  t h e  ( s / s + b )  wash- 

o u t  f i l t e r .  

'3 1 



V I .  EFFECT OF VARYING FLIGHT CONDITION 

The a c t i v e  f l u t t e r  s u p p r e s s i o n  c o n t r o l  sys tem s h o u l d  s t a b i l i z e  t h e  wing 

o v e r  a l a r g e  r a n g e  o f  f l i g h t  c o n d i t i o n s .  Two a p p r o a c h e s  a re  i n v e s t i g a t e d  

f o r  f l u t t e r  s u p p r e s s i o n  from 4 = 5.0kPa t o  9.5kPa a t  c o n s t a n t  Mach number. 

The f i r s t  a p p r o a c h  u s e s  t h e  c o n s t a n t  g a i n  b a s e l i n e  d e s i g n  a t  6 = 8.0kPas  

and i n v e s t i g a t e s  c l o s e d - l o o p  per formance  w i t h  changing  f l i g h t  c o n d i t i o n .  

I n  t h e  second a p p r o a c h ,  o p t i m a l  o u t p u t  f e e d b a c k  d e s i g n s  a re  o b t a i n e d  a t  f o u r  

f l i g h t  c o n d i t i o n s .  A new g a i n  s c h e d u l i n g  p r o c e d u r e  i s  u s e d  t o  s c h e d u l e  c o n t r o l  

g a i n s  a s  a f u n c t i o n  of 6 by m i n i m i z i n g  t h e  weighted  d i f f e r e n c e  of o p t i m a l  

and g a i n  s c h e d u l e d  c l o s e d - l o o p  e i g e n v a l u e s .  

A .  CONSTANT G A I N  DESIGN 

The b a s e l i n e  c o n s t a n t  g a i n  d e s i g n  a t  4 = 8 . 0 k P a s ,  f o r  t h e  d e s i g n  :.2;ues shown 

i n  I a b l e  4 ,  h a s  t h e  f o l l o w i n g  v a l u e s  f c r  t h e  b l i ) ck  d iagram shown i n  F i d .  2 ,  

1 0.746 0.0994 0.217 0.0914 
-0.112 0.918 0.267 -0.109 

$ = [  C 0.139 - 0 . 2 7 h  0.256 -0.227 
0.00942 0.0964 0.031: 0.652 

4 = -0.111 
U 

0.000155 

I 

0.314 
0.231 

0.627 
U 

0.07651 

(71) 

(72) 

( 7 3 )  



The open-loop wing model e i g e n v a l u e s  f o r  t h e  f i r s t  s e v e n  modes i s  shown 

i n  F i g .  8 .  The wing model i s  s t a b l e  f o r  = 5kPa. The c l o s e d - l o o p  wing 

model e i g e n v a l u e  r o o t  l o c u s e s  f o r  t h e  c o n s t a n t  g a i n  d e s i g n  are  shown i n  

F i g . 9 , a l o n g  w i t h  t h e  r o o t  l o c u s  of one  of t h e  c l o s e d - l o o p  compensa to r  

p o l e s .  The c o n s t a n t  g a i n  d e s i g n  s t a b i l i z e s  t h e  wing up  t o  1 = 9.5kPa 

where t h e  c l o s e d - l o o p  compensa tor  p o l e  shown g o e s  u n s t a b l e .  R m s  r e s p o n s e  

f o r  t h e  c o n t r o l  s u r f a c e , a n d  g a i n  and phase  m a r g i n s  a r e  shown i n  T a b l e  10. 

The r r s  r e s p o n s e  r ema ins  a t  a h i g h  l e v e l  as  4 d e c r e a s e s  b u t  t h e  g a i n  and 

phase  m a r g i n s  improve ( e x c e p t  f o r  t h e  h i g h  f r e q u e n c y  p h a s e  m a r g i n  a t  4 = 

5.  OkPas) . 

- B .  A XEW G A I N  SCHEDULING PROCEDURE __ 

A p r a c t i c a l  method f o r  a d a p t i n g  a c o n t r o l  l a w  t o  chang ing  f l i g h t  

c o n d i t i o n s  i s  g a i n  s c h e d u l i n g .  C o n t r o l  d e s i g n s  a r e  o b t a i n e d  a t  a number ~f 

f l i g h t  c o n d i t i o n s  which s p a n  t h e  o p e r a t i n g  r a n g e  of t h e  p l a n t .  The g a i n s  

i n  t h e  z o n t r o l  lax.: a re  s c h e d u l e d  u s i n g  r e g r e s s i o n  a n a l y s i s .  F l i g h t  c o n d i t i o n  

p a r a m e t e r s  t h a t  c a n  be measured o r  e s t i m a t e d  i n  f l i g h t  are  t r e a t e d  as  independ-  

e n t  v a r i a b l e s  i n  t h e  r e g r e s s i o n .  

The p r e v i o u s  s e c t i o n  d e m o n s t r a t e d  t h a t  a c o n s t a n t  g a i n  d e s i g n  s t a b i l i z e d  

the wing o v e r  a wide r a n g e  of dynamic p r e s s u r e  v a r i a t i o n s .  A g a i n  s c h e d u l i n g  

f u n c t i o n  of t h e  form 

shou ld  be a b l e  t o  improve b o t h  per formance  and t h e  s t a b i l i t y  r e g i o n .  A 

s t a n d a r d  r e g r e s s i o n  a n a l y s i s  c o s t  f u n c t i o n  f o r  comput ing  G and G., i s  1 - 

[T-) 



s i g n i f i e s  t h e  trace oE a m a t r i x .  

The g a i n s  G and G w e r e  computed u s i n g  Eq. 77 and Q t h e  i d e n t i t y  1 2 i 

m a t r i x .  'The c l o s e d - l o o p  p l a n t  u s i n g  K w a s  u n s t a b l e  w i t h i n  t h e  r e g i o n  of 

t h e  g a i n  s c h e d u l e .  A d j u s t i n g  t h e  d i a g o n a l  e l e m e n t s  of Q t o  s t a b i l i z e  t h e  

ga in - schedu led  c l o s e d - l o o p  e i g e n v a l u e s  proved  t o  be d i f f i c u l t .  An a l t e r n a t i v e  

gs 

i 

method i s  deve loped  f o r  c h o o s i n g  Q The new c o s t  f u n c t i o n  a t t e m p t s  t o  match 

c l o s e d - l o o p  e i g e n v a l u e s  and e i g e n v e c t o r s  i n s t e a d  of m a t c h i n g  g a i n  v a r i a t i o n s .  

Cons ide r  two f e e d b a c k  g a i n s ,  K and K which  have  t h e  same d imens ion  b u t  

i '  

g s  

are n o t  e q u a l .  The c l o s e d - l o o p  e i g e n v a l u e s ,  , and e i g e n v e c t o r s ,  x f o r  K 

s a t i s f y  

'j --j ' 

(@++KC) x = x j = l  . . .  n ( 7 8 3  
-j j -j 

Fol lowing  c o n c e p t s  i n  Ref .  2 9 ,  a s s u r e  t h a t  K and K a re  r e l a t e d  b y  
& S  

K C s  = E ;  c x .  
-j gs -J 

f o r  t h e  e i s e n v e c t o r  I.: . S u b s t i t u t i n g  E q .  7 9  i n t o  Eq. 7 8 ,  i t  f o l l o w s  t h a t  K 

and K have  t h e  saxe c l o s e d - l o o p  eigenx-alue and e i g e n v e c t o r  f o r  t h e  p l a n t  

-j 

pS 

The c o s t  f u n c t i o n  i n  E q .  7 7  i s  a l t e r e d  u s i n g  t h e  c l o s e d - l o o p  e i g e n v e c t o r s  

f o r  t h e  k n w n  g a i n s ,  K i ,  
'3 ; 

The m a t r i x ,  Xi ,  i n  Eq. 80 i s  t h e  c l c s e d - l o o p  e i g e n v e c t o r s  f o r  K 

c o l u m n ~ i s e .  W i s  a d i a g o n a l  w e i p h t i n g  n a t r i x  w i t h  n o n z e r o  p o s i t i v e  e l e m e n t s  

a l \ ) n g  t h e  2 i a g o n a l .  The n o t a t i o n  ;+ ?tl,?ns t a k e  t h e  t r a n s p o s e  of t h e  complex 

ct)njus.:ite L > f  t h e  m t r i x .  'The n a t r i s  c?. is  real  i f  d i a g o n a l  w e i g h t s  i n  li 

v e i g h t  nne i ;cnvec tC>r  rind i t s  c.cmp1t.s c i 'n i i~;nte  e q u a l l y .  The c o s t  f i inct icw 

a r r a n g e d  
i 

i 

1 i 



minimizes  the e r r o r  be tween K C x .  and K .  C x i n s t e a d  of be tween K and 

Ki 

g s  -J 1 -j g s  

. Minimizing t h e  c o s t  f u n c t i o n  y i e l d s  

I n v e r t i n g  t h e  s q u a r e  m a t r i x  i n  E q .  81 d e t e r m i n e s  t h e  l eas t  s q u a r e  s o l u t i o n  

f o r  G1 and G I f  a g a i n  s c h e d u l e d  c l o s e d - l o o p  e i g e n v a l u e  i s  u n s a t i s f a c t o r y ,  2' 
t h e  d i a g o n a l  w e i g h t  i n  W c a n  b e  i n c r e a s e d  i n  a n  a t t e m p t  t o  force  t h e  e i g e n -  

i 

v a l u e  t o  i t s  d e s i g n  v a l u e .  T h i s  g a i n  s c h e d u l i n g  p r o c e d u r e  i s  p a r t i c u l a r l y  

a p p l i c a b l e  t o  t h e  f l u t t e r  problem s i n c e  t h e  p r i m a r y  c o n c e r n  i s  t h e  s t a b i l i t y  

of one u n s t a b l e  mode. 

C. C X I S  SCHEDULE DESIGN 

The p e r f o r m a n c e s  f o r  o p t i m a l  o u t p u t  f e e d b a c k  d e s i g n s  a t  4. = 8.0 ,  7 . 0 ,  

6.0  and 5.0 kPa are shown i n  T a b l e  11. The second row i n  T a b l e  11 shows 

t h a t  r m s  r e s p o n s e  c a n  be  r e d u c e d  a t  l o v e r  S w h i l e  m a i n t a i n i n g  p h a s e  and g a i n  

n a r g i n s  comparable  t o  ?j = 8 . 0  k P a .  The b a s e l i n e  d e s i g n  and t h e  l a s t  t h r e e  

d e s i g n s  i n  T a b l e  11 are u s e d  t o  compute G and G i n  E q .  81. 1 2 

The s c h e d u l e d  g a i n  p e r f o r n a n c e  and c l o s e d - l o o p  e i g e n v a l u e  r o o t - l o c u s  are  

shown i n  T a b l e  1 2  and F i g .  10, r e s p e c t i v e l y .  P h a s e  and g a i n  m a r g i n s  a r e  h i g h  

i n  T a b l e  12 b u t  t h e  r e s u l t i n g  r m s  r e s p o n s e  i s  a l s o  h i g h .  The s c h e d u l e d  g a i n  

c l o s e d - l o o p  p l a n t  g o e s  u n s t a b l e  immedia te ly  o u t s i d e  t h e  r e g i o n  o f  f l i g h t  con- 

d i t i o n s  used i n  t h e  g a i n  s c h e d u l e .  The i n s t a b i l i t y  i s  c a u s e d  by  o n e  of  t h e  

c l o s e d - l o o p  compensa tor  p o l e s .  X e w  g a i n  s c h e d u l i n g  p r o c e d u r e s  i s  a n  area 

re I- a m r  e r, d e d f o r c on t i nu e d t h e  o r e  t i c n 1 i nv s s t i g a t i on s . 



V I I .  CONCLUSIONS AND RECOMMENDATIONS 

A. CONCLUSIONS 

The c o n c l u s i o n s  o f  t h i s  s t u d y  a re  

An e f f i c i e n t  s t a b l e  a l g o r i t h m  f o r  s o l v i n g  t h e  s t o c h a s t i c  i n f i n i t e -  

t i m e  d i s c r e t e  o p t i m a l  o u t p u t  f e e d b a c k  problem c a n  b e  a p p l i e d  t o  a c t i v e  

f l u t t e r  s u p p r e s s i o n  c o n t r o l  d e s i g n .  

P r a c t i c a l  d i s c r e t e  low-order dynamic c o m p e n s a t o r s  c a n  b e  d e s i g n e d  

u s i n g  o p t i m a l  o u t p u t  f e e d b a c k .  

m A d i g i t a l  c o n t r o l  l a w  which accommodates c o m p u t a t i o n  d e l a y  c a n  

s t a b i l i z e  t h e  wing w i t h  r e a s o n a b l e  rms p e r f o r m a n c e  and a d e q u a t e ,  

a d j u s t a b l e ,  g a i n  and p h a s e  m a r g i n s .  

The s a m p l i n g  r a t e  f o r  t h e  c o n t r o l  law s h o u l d  b e  a t  l e a s t  140 samples /  

sec . 
m Lowering t h e  a n a l o g  p r e f i l t e r  p o l e  i n c r e a s e s  rms r e s p o n s e  b u t  a l s o  

improves  o n e  of  t h e  g a i n  m a r g i n s  and b o t h  p h a s e  m a r g i n s .  

X new g a i n  s c h e d u l i n g  p r o c e d u r e  i s  d e v e l o p e d  t o  y i e l d  a s t a b l e  l i n e a r  

g a i n  s c h e d u l e  as  a f u n c c i o n  of  dynamic p r e s s u r e  o v e r  t h e  d e s i g n  f l i g h t  

c o n d i t i o n s .  D e s p i t e  t h e s e  d e v e l o p m e n t s ,  f u r t h e r  improvements  and 

x o d i f i c a t i o n s  i n  g a i n  s c h e d u l i n g  a r e  needed s i n c e  t h e  g a i n  s c h e d u l e  

2id n o t  per form as  \;;ell as a c o n s t a n t  g a i n  d e s i g n  i n s i d e  and o u t s i d e  

t h e  d e s i g n  f l i g h t  c o n d i t i o n s .  

e D e s i g n i n g  t h e  f l u t t e r  c o n t r o l  s y s t e m  u s i n g  a r e d u c e d  o r d e r  model ,  and 

\ - e r i f y i n g  per formance  of t h e  c o n t r o l  d e s i g n  w i t h  a h i g h e r  o r d e r  more 

esact model ,  r e d u c e d  computer c o s t  w i t h o u t  s i g n i f i c a n t l y  compromisins  

c c x ~ t r o l  per formance .  



B . RECOMMENDAT IONS 
_I__-- 

e F u r t h e r  d e v e l o p  t h e  b a s e l i n e  c o n t r o l  d e s i g n s  f o r  b o t h  s t r u c t u r e s  i n ,  

F i g s .  6 and 2.  The g o a l  is t o  lower  c o n t r o l  r m s  r e s p o n s e  t o  4 . 5  

de2 and improve t h e  low Frequency phase  marg in .  Avenues f o r  f u r t h e r  

deve lopment  For t h e  b a s e l i n e  d e s i g n  are 

A Vary t h e  q u a d r a t i c  w e i g h t s .  

A I n c r e a s e  t h e  p r e f i l t e r  p o l e  t o  -60.0. 

A Lower t h e  s a m p l e  r a t e  t o  150 samples/sec. 

A S t a r t  t h e  a l g o r i t h m  a t  many d i f f e r e n t  s t a r t i n g  g a i n s  t o  

d e t e r m i n e  a lower  v a l u e  fcr t h e  c o s t  f u n c t i o n .  

A Vary t h e  i n i t i a l  c o n d i t i o n  c o v a r i a n c e s .  

A Try  u s i n g  a dynamic compensator of  o r d e r  two as i n  R e f .  11. 

A I n t r o d u c e  a second a c c e l e r o x e t e r  measurement ds i n  R e f s .  1 

and 28. 

A Hove t h e  compensa tor  p o l e  t h a t  goes  u n s t a b l e  i n  F i g .  9 

f u r t h e r  i n t o  t h e  l e f t  h a l f  complex p l a n e .  

e T e s t  the  a c t i v e  f l u t t e r  s u p p r e s s i o n  d i g i t a l  c o n t r o l  i n  a wind t u n n e l .  

I n v e s t i g a t e  t h e o r e t i c a l  and n u m e r i c a l  deve lopmen t s  wh ich  may c a u s e  

t h e  o p t i m a l  dynamic compensa tor  t o  b e  u n i q u e  (up t o  a s i m i l a r i t y  

t r a n s f o r m a t i o n ) .  One avenue  i s  t o  r e s t r i c t  compensa to r  g a i n s  so t h a t  

t h e  compensa to r  is a n  o b s e r v e r  as d i s c u s s e d  i n  Appendix A .  R e f e r e n c e s  

9 t o  11 d i d  n o t  t r ea t  a l l  t h e  c o n t r o l  law g a i n s  as free p a r a m e t e r s .  

e F u r t h e r  improve t h e  g a i n  s c h e d u l e  p r o c e d u r e  i n  S e c t i o n  VII-B. Modify 

t h e  ‘ tpproach so  t h a t  A s e l e c t  number of s a i n s  a r e  s c h e d u l e d  u s i n g  

E q .  76 and t3thers  Lire chosen  t c  r e m a i n  c o n s t a n t .  I n t r o d u c e  e igen \ r a lue  

sens i t  i v  i t y inti, t h e  c o s t  t‘unc t it.>n. 



e A p o t e n t i a l l y  b e t t e r  approach  t o  g a i n  s c h e d u l i n g  is t o  b r i n g  t h e  

s e l e c t i o n  of  G 

o p t i m i z a t i o n  p r o c e s s .  ICs h a s  r e c e n t l y  deve loped  a mul t i -model  

approach  t o  s t o c h a s t i c  o p t i m a l  o u t p u t  f e e d b a c k  which c o u l d  per form 

t h e  o p t i m i z a t i o n .  

and G 2  i n  E q .  76 d i r e c t l y  i n t o  t h e  c o n t r o l  d e s i g n  1 



APPEXDIX A 

COMPENSATORS AND OBSERVER THEORY 

The g l o b a l l y  o p t i m a l  o u t p u t  f eedback  c o n s t r a i n e d  dynamic compensa to r  

s o l u t i o n  i s  c u r r e n t l y  u n r e s o l v e d  i f  t h e  o r d e r  of t h e  compensa to r  is p r e -  

s p e c i f i e d  t o  b e  less  t h a n  n-3,. I f  t h e  o r d e r  i s  i n c r e a s e d  t o  n-R, where  ;. 

i s  t h e  number of o b s e r v a t i o n s ,  t h e n  R e f .  7 shows t h e  g l o b a l l y  optimum 

dynamic compensa to r  is  a n  o b s e r v e r  which estimates t h e  n-R s t a t e  f u n c t i o n a l  

n o t  measured w i t h  t h e  R measurements .  I f  t h e  o r d e r  i s  i n c r e a s e d  t o  n ,  

t h e  o p t i m a l  s o l u t i o n  u s e s  a Kalnan f i l t e r  f o r  t h e  compensa to r .  These  

r e s u l t s  s u g g e s t  t h e  o p t i m a l  compensa tor  which min imizes  s t o c h a s t i c  p e r -  

formance may b e  some t y p e  of o b s e r v e r  of a l i n e a r  f u n c t i o n  of p l a n t  s t a t e s  

n o t  measured. The c r o s s  w e i g h t i n g  used  i n  E q .  26 is a s t r a i g h t f o r w a r d  a t -  

t e m p t  t o  c a u s e  t h i s  b e h a v i o r  t o  o c c u r .  T h i s  a p p e n d i x  a d d r e s s e s  t h r e e  q u e s t -  

i o n s  about  c o m p e n s a t o r s  t h a t  r e s u l t e d  from t h e  c r o s s - w e i g h t i n g  a p p r o a c h :  

0 \?hen i s  a compensa tor  a n  o b s e r v e r  of a l i n e a r  f u n c t i o n  of p l a n t  

s ta tes?  

0 I f  t h e  compensa tor  i s  a n  o b s e r v e r ,  what d o e s  i t  o b s e r v e ?  

0 When are two i n t e r n a l  compensa tor  r e p r e s e n t a t i o n s  r e l a t e d  by a 

s t a t e  t r a n s f o r m a t i o n  and what i s  t h e  t r a n s f o r m a t i o n  m a t r i x ?  

These q u e s t i o n s  are r e s o l v e d  u s i n g  t h e  t h e o r y  of f e e d f o r w a r d  c o n t r o l  

deve loped  i n  R e f .  30. Given  a p l a n t  

- 
&+l - 'c?k + 'c%, k 

% , k =  c-k f--c,k K z  + K u  

and a model 

= a x  + T u  %+I -k - ,k 

= H x  +Du+ , v = c x  & -k v b s , k  -k 



t h e  p l a n t  t r a j e c t o r y , z *  and c o n t r o l ,  u* which c a u s e s  y t o  follow k -c,k - c , k  

Yk is 

K -( ,k 1 % 2  

s22 

The f e e d f o r w a r d  m a t r i c f s  i n  Eq. 8 6 ,  if t h e y  e x i s t ,  s a t i s l y  t h e  a l g e b r a i c  

equa t i o n  

%2  s13 ..I = 

%2 23  

s l l r  s12 ...I (87) 

s ... D 0 ... 

I f  S12 i s  a z e r o  m a t r i x ,  t h e n  S and S 

The normal  u s e  of  Eq. 86 i s  t h a t  t h e  p l a n t  and model  a re  g i v 6 n  and i t  i s  

d e s i r e d  to  f i n d  zk and uk .  

j > 3  a re  a l s o  a l l  z e r o  mat r ices .  I j  2 j '  - 

-C - 

An o b s e r v e r  i s  a forrr. of :,ode1 f o l l o w i n g .  I n  a n  o b s e r v e r ,  i t  is  d e s i r e d  

t o  choose  @ 

v a l u e s  of  u and u s i n g  o n l y  v i n  u* . With t h e s e  r e s t r i c t i o n s ,  Eq. 8 7  

changes  t o  

s t a b l e ,  re, K 2 ,  t;; and Y 

= a b s  -c 

so  t h a t  y = y w i t h o u t  u s i n g  f u t u r e  
C i U --c 

- 

If t h e  e q u a t i o n s  i n  E q .  88 a re  i n d i x r i d u a l l y  expanded,  t h e  s t a n d a r d  o b s e r v e r  

c o n d i t i o n s  .ire o b t a i n e d .  

e s  + : , c = s  - 
<' 1 1 L 1 1 hr 

- 
- - Y'.S>, = 

I1 -- 



KcSll f K C = H 

KfSZ2 = D 

€ 

I f  u *  i s  a p p l i e d  t o  Eq. 82 ,  t h e  p l a n t  e q u a t i o n s  become 
-c 

- 
%+ 1 - @e% + rc % b s , k  i- ru %k 

&,k = Kc5k + K f % b s , k  -I- Du -k 

and & o b s e r v e s  y. 

Comparing E q .  93 w i t h  Eq .  38,  t h e  answer t o  t h e  f i r s t  q u e s t i o n  is t h a t  

t h e  compensator  i s  a n  o b s e r v e r  i f  t h e  compensa tor  matrices s a t i s f y  Eqs. 8 9  

t o  92. The answer t o  t h e  second q u e s t i o n  i s  t h a t  t h e  c o m p e n s a t o r / o b s e r v e r  

s ta te ,  +, o b s e r v e s  S 1 lZk' 

Equa t ions  8 9  t o  92 imply t h a t  i f  t h e  compensator  is  t o  b e  a n  o b s e r v e r ,  

t h e n  t h e  g a i n s  i n  Eq.  93 c a n n o t  a l l  be  t r e a t e d  a s  f ree  parameters. For  example,  

i f  K. and K i n  Eq. 38 are s p e c i f i e d ,  t h e n  S i n  E q .  89 c a n  b e  computed.and 

K i s  f o r c e d  t o  become 

Q Y 11 

U 

(93)  

(94)  

E q x a l i t y  c o n s t r a i n t s ,  s u c h  as E q .  9 5 ,  c o u l d  be used  t o  change  t h e  c o s t  

f u n c t i o n  i n  Eq. h a .  

The a n s w e r t 3 t h e  t h i r d  q u e s t i o n  can  be de t e rmined  i f  one  compensa tor  i s  

t r e a t e d  as  t h e  p l a n t  and t h e  o t h e r  compensator  is  t r e a t e d  as  a model so t h a t  

t h e  f eed fo rward  m a t r i x  e q u a t i o n  can be s o l v e d .  I f  e q u a l i t y  h o l d s  i n  Eq. 8 7 ,  

S12 and S21 are z e r o  matrices and S 

are a l t e r n a t e  i n t e r n a l  r e p r e s e n t a t i o n s  of t h e  same i n p u t - o u t p u t  r e l a t i o n s h i p .  

i s  a n  i d e n t i t y  m a t r i x ,  t h e n  t h e  compensa to r s  22 

11' The compensator  s t a t e s  a r s  t h e n  r e l a t e d  by t h e  l i n e a r  t r a n s f o r m a t i o n  S 

41 
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DESCRIPTION 

P l a n t  s t a t e  t r a n s i t i o n  m a t r i x  

Compensator s t a t e  t r a n s i t i o n  m a t r i x  

Closed- loop  p l a n t  mat r ix  

Wing model state t r a n s i t i o n  matr ix  

C o n t r o l  s ta te  t r a n s i t i o n  matrix 

C o n t r o l  and measurement s ample  i n t e r v a l  

DESCRIPTION 

D e r i v a t i v e  of q u a n t i t y  w i t h  respect t o  time 

Vector  q u a n t i t y  

P a r t i a l  d e r i v a t i v e  of o n e  v a r i a b l e  w i t h  r e s p e c t  
t o  a n o t h e r  
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'CABLE 1 P O L E S  AND ZEROES OF T H E  WING MODEL 

--t- 

YODE S 
RE f DUAL I Z E D  
-LUD NOT USED 
IS XEDUCED 
XODEL D E S I G N  

OI'EX-LOO P EVAI-1'A.T I O N  
MODEL POLES 

-4 
10 .8  _t j 5 9 . 8  

-40.0 5 j 7 8 . 5  
MODES USED -5 .8  It j 1 6 2 . 3  
FOR BODE -40.0 t j 2 2 5 . 5  
P L O T  -125.0 + j 3 5 2 . 3  

-26.4 ? j 3 7 7 . 3  
-16.5 2 j 4 1 8 . 2  
-37.4 2 j 5 5 7 . 0  

-- 

-36.6 .! j 6 6 3 . 0  
-34 .6  r j 7 7 6 . 0  

XODES THAT -39.7 t j 8 2 0 . 0  
FOLD FOR -59.0 1 j 9 0 8 . 0  
A t  = 0.005 -16.0 T j 1 2 7 8 . 0  

- 1 7 . 7  2 j 1 8 6 2 . 0  
-20 .8  f j 2 6 3 8 . 0  
-28.4 .'r j 5 6 1 7 . 0  

EVALUA YION MODEL 
Z E R O E S  

13 .9  
-50.0 

-4 .2  t j 1 6 3 . 0  * 
-39.4 2 j 2 2 6 . 9  9: 

-228.0 t j l 0 1 9 . 0  

-21.9 f j 3 7 0 . 0  
- 5 . 1  f j 4 1 5 . 2  

-19.0 2 j 5 4 5 . 0  

-36 .3  t j 6 5 9 . 0  * 
-4 .4 2 j 7 7 0 . 0  

-54.7 2 j 8 1 2 . 0  
-59.0 t j 9 0 6 . 0  * 
-89.7 ? j 1 3 3 8 . 0  
-32.6 t jl89.1.0 
- 2 1 . 2  t j 2 6 3 9 . 0  * 

0.0 f j 0 . 0  

-228.') -228.0 * 
-232.0 ' -232.0 * 
- 3 5 ~  n i - 7 q ~  n * 
-47." 

-266.0 
-284.0 
-294.0 
-320.0 
-332.0 
-364.0 
-379.0 
-421.0 
,", I_ 

L J T .  " 
-265.0 * 
-284.0 * 

' -294.0 * 
' -321.0 * 
' -369.0 I -381 .0  * ' -482.0 1 ,a,- n 9 

: -332.0 * 

- 4 L O .  3 ' -4L3.U ji 

- 4 Y l . U  
-706.0 -714.0 +- j 3 4 . 9  

* fhe p o l e  arid zerc' Lilrnost c a n c e l  for the actuator 
t 
t u n c  t iC7n. 

:I c' c c 1 e r <>me t e r ou t p u t K i 11s mod e 1 t r a n  s E' e r 

5L 
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T A B L E  3 OPEN AND MAPPED CLOSED-LOOP P O L E  L O C A T I O N S  

OPEN-LOOP EVALUATION 
MODEL P O L E S  

MODES USED 10.8 t- j 5 9 . 8  
I N  REDUCED -40.0 t j 7 8 . 5  
MODEL D E S I G N  -5.8 * j 1 6 2 . 3  

-40.0 i j 2 2 5 . 5  
-125.0 t j 3 5 2 . 3  

D E S  USED -26.4 2 j 3 3 7 . 3  
FOR BODE -16.5 2 j 4 1 8 . 2  
PLOT -37.4 t j 5 5 7 . 0  

MODES T -36.6 2 j 6 6 3 . 0  
FOLD FOR -34.6 j 7 7 6 . 0  
A t  = 0.005 -39.7 5 j 8 2 0 . 0  

-59.0 t- j 9 0 8 . 0  
-16.0 2 j 1 2 7 8 . 0  
-17.7 2 j1862:O 
-20.8 t- j 2 6 3 8 . 0  
-28.4 i- j 5 6 1 7 . 0  

4 

.- 

-228.0 
-232.0 
-254.0 
-266.0 
-284.0 
-294.0 
-320.0 
-332.0 
-364.0 
-379.0 
-421 .O 
-426.5 
-501.7 i j 2 . 3  
-706.0 

MAPPED CLOSED-LOOP EVAI,- 
UATIOlU F I N G  XODEL P O L E S  

-1b.8 2 j 5 9 . 7  
-76.8 t j 1 3 9 . 0  

-6.8 t j 1 6 1 . 0  
-41.0 i j 2 2 5 . 0  

-149.0 * j 4 4 2 . 0  

-26.0 2 j 3 7 5 . 0  
-15.4 * j 4 1 6 . 0  
-38.8 t j 5 5 8 . 0  

-36.4 2 j 5 9 3 . 0  
-3G.6 2 j 4 8 0 . 0  
-39.7 If: j 4 3 6 . 0  
-59.0 t j 3 4 8 . 0  
-15.7 t- j 2 1 . 8  
-17.7 i- j 6 0 6 . 0  
-20.8 2 j 1 2 5 . 0  
-28.4 t j 5 9 1 . 0  

-228.0 
-232.0 
-254.0 
-266.0 
-284. 0 
-294.0 
-321 .O 
-332.0 
- 3 i 8 . 0  
-381 .O 
-538.0 
-425.0 
-497.0, - i 8 5 . 0  
-725.0 

MAPPED CLOSED- 
.OOP REDUCED-ORDER 
WIKG MODEL P O L E S  

__ 
-15.5 t j 5 9 . 7  
-79.2 t- j 1 4 3 . 0  

-6.9 t j 1 6 1 . 0  
-41.0 t j 2 2 5 . 0  

-136.0 t j 4 3 5 . 0  

5 3 



TABLE 4 NONZERO DIAGONAL ELEMENT DESIGN PARAMETERS 

- Ql Wing Mode 1 

Wing Mode 1 

4 Compensator 

- 

- Qc States 

4 Compensator 
States - x  

0 

Actuator Control 
Posit ion - R  

Compensator 

- Rc 

- Rv 

Control Position 

Actuator Control , 
Rate 

Actuator Control I 

Posit ion - x  ' 

Accelerometer I 

II 
I 

Measurement Noise - va 

Cross Coupling 
Weight - 9  

WEIGIiT 

( 2 . 2 4 ) 2  

(0.  316)21  

(1 .0)  21: 

2 
(1 .23)  

2 
(31 .6 )  

COVARIANCE 

(3.16)2 

(10. 0 2 )  I 

TABLES 5 , 7 ,  
8 ,9 ,10 ,11 ,1 :  

(o .1>2  
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TABLE 6 VARIANCE OF NODE DEFLECTIONS WITH 0.3048 m / s  
WIND GUST FOR THE NOMINAL CONTROL D E S I G N  

NODE P O S I T I O N  (CENTIMETERS) 

1 2 3 4 5 6 7 

0.013 0.10 0 . 2 5  0 .47  0 .74  1.1 1.4 

NODE ROTATION (DEG) 

1 2 3 4 5 6 7 

0.02 0.08 0.13 0.19 0 . 2 7  0.38 0.48  
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